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repulsion of cells, in others they promote adhesion and
attraction. Recent work has shown that some cells
switch between these distinct responses. This review
will focus on developmental roles of repulsion and at-
traction responses to Eph/ephrin activation and then
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Structure, Clustering, and Signal Transduction
Structure and Binding Specificities of EphEph receptor tyrosine kinases and ephrins have key
Receptors and Ephrinsroles in regulation of the migration and adhesion of
Eph receptors are transmembrane receptor tyrosine ki-cells required to form and stabilize patterns of cell
nases (RTKs) with a number of distinctive features com-organization during development. Activation of Eph
pared with other RTKs, including the extracellular regionreceptors or ephrins can lead either to cell repulsion
comprised of an N-terminal ephrin binding domain, aor to cell adhesion and invasion, and recent work has
cysteine-rich EGF-like domain, and two fibronectin typefound that cells can switch between these distinct re-
III motifs (Figure 1). In addition to a tyrosine kinase do-sponses. This review will discuss biochemical mecha-
main, the intracellular region includes a number of con-nisms and developmental roles of the diverse cell re-
served tyrosine residues and two protein-protein inter-sponses controlled by Eph receptors and ephrins.
action motifs: a SAM domain and a C-terminal sequence
that binds to PDZ domain proteins. There are two struc-
tural classes of ephrins that differ in the way that they areIntroduction
anchored in the plasma membrane (Figure 1). EphrinARegulation of the migration and adhesive interactions
proteins are anchored through attachment of a glycosyl-of cells is essential for the assembly and maintenance
phosphatidylinositol (GPI) group to their C-terminal re-of organized tissue patterns during animal development.
gion, while ephrinB proteins have a transmembrane andEph receptor tyrosine kinases and ephrins have emerged
cytoplasmic domain. The cytoplasmic region of B classas key players in these processes and have a number
ephrins has a highly conserved C-terminal sequenceof intriguing and distinctive properties that may underlie
that includes tyrosine residues and a PDZ domain inter-the mechanisms by which they control cell adhesion
action motif.and the assembly of the actin cytoskeleton. Eph recep-
Binding studies using soluble extracellular domainstors and ephrins are both membrane bound, and follow-
have found that there are two preferential binding speci-ing their interaction and clustering, each can transduce
ficity classes, in which EphA receptors bind to ephrinAssignals that regulate cell responses. Signaling through
and EphB receptors bind to ephrinBs (Gale et al., 1996b).Eph receptors and ephrins is thus cell contact depen-
Two exceptions have been found to these classes:dent and can potentially trigger a bidirectional response
EphA4, which binds to ephrinB2 and ephrinB3 as well asof interacting cells.
ephrinA ligands (Gale et al., 1996a, 1996b), and EphB2,Eph receptor and ephrin genes have been found in
which interacts with ephrinA5 in addition to ephrinB
all animal species examined. In invertebrates, there are
ligands (Himanen et al., 2004). The observations that
few family members—for example, one Eph receptor
some Eph receptors have a low affinity for ephrins (Gale
and four ephrins in C. elegans—and expression is con- et al., 1996b) and that C. elegans ephrin4 does not bind
fined to specific cell types (Bossing and Brand, 2002; to the single Eph receptor in this species (Chin-Sang et
Chin-Sang et al., 1999; Dearborn et al., 2002; George et al., 2002) suggest that there may be other ligands for
al., 1998; Miller et al., 2003; Scully et al., 1999; Wang et Eph receptors and ephrins.
al., 1999). There has been a major expansion of these Binding and Clustering of Eph Receptors
families to 14–16 Eph receptor and 8–9 ephrin genes in and Ephrins
different vertebrate species, and collectively the family Unlike other receptor tyrosine kinases, Eph receptors
members appear to be expressed in all tissues during can be activated by membrane bound ligands but not
development (Gale et al., 1996b; Murai and Pasquale, by soluble monomeric ligands (Davis et al., 1994). Since
2003). Interactions and activation of Eph receptors and the stoichiometry of Eph-ephrin binding is 1:1 (Lack-
ephrins can occur at the interface of complementary mann et al., 1997), the minimal active complex should
expression domains or within regions of coexpression be comprised of two receptors and two ligands to allow
or overlapping gradients. These different patterns of clustering of two receptors. The mechanism of cluster-
reciprocal or overlapping expression are related to the ing has been revealed by structural studies of isolated
multiple functions of Eph receptors and ephrins in tissue Eph receptors and ephrins and their complexes (Hima-
assembly and in controlling the movement of cells at nen and Nikolov, 2003). The extracellular domain of
boundaries or in gradients. Intriguingly, whereas in some ephrinB2 forms dimers (Toth et al., 2001), which bind
contexts Eph/ephrin interactions lead to deadhesion or two Eph receptors via a high-affinity heterodimerization
interface (Himanen et al., 2001). Heterodimers then inter-
act with each other via low-affinity heterotetramerization*Correspondence: dwilkin@nimr.mrc.ac.uk
Developmental Cell
466
Thus far, Eph-ephrin binding has been studied using
molecules in solution, whereas by virtue of being mem-
brane bound these molecules normally interact at a two-
dimensional interface. This raises the question as to
whether there is a greater promiscuity of interactions
than measured with soluble reagent, since in two-
dimensional chemistry, the on-rate of binding is dramati-
cally increased if membrane binding enables some pre-
clustering (Dustin et al., 2001), for example in membrane
rafts or through interactions with PDZ domain proteins.
However, if this is the case, the distinct responses of
cells to activation by A versus B class ligands suggests
that there are differences in signal transduction down-
stream of interactions between classes compared to
within classes. Consistent with this, in contrast to the
tetrameric EphB2-ephrinB2 complex, EphB2 and ephrinA5
only form dimers as a consequence of structural differ-
ences of ephrinA5 from ephrinB2 in the region responsi-
ble for the assembly of dimers into the tetrameric com-
plex (Himanen et al., 2004).Figure 1. Structure and Cell Responses to Eph Receptors and
Intracellular Effectors of Eph ReceptorEphrins
and Ephrin SignalingThe diagram illustrates the general structural features of Eph recep-
Eph receptors and ephrins activate signal transductiontors and ephrins. Signaling downstream of ephrinB protein and Eph
receptors involves phosphorylation of tyrosine (Y) residues (more pathways via the binding of a variety of cytoplasmic
are present than indicated) that interact with adaptor proteins, and proteins that regulate adhesion and organization of the
interactions of their C terminus with PDZ domain proteins. Activation actin cytoskeleton. In one mechanism, clustering pro-
of Eph receptors or of B class ephrins can lead to cell repulsion or
motes the transphosphorylation of specific tyrosine resi-invasion, whereas activation of A class ephrins has only been found
dues by the kinase domain of Eph receptors and theto lead to invasion.
phosphorylation of clustered B class ephrins by Src
family kinases (Bruckner et al., 1997; Holland et al., 1996;interfaces and form ring-like structures in which one
Palmer et al., 2002). The phosphotyrosine motifs areephrin binds two receptors and vice versa (Himanen et
bound by SH2 domain adaptor proteins that initiate sig-al., 2001).
nal transduction pathways. A number of other proteinsA number of studies suggest that the degree of further
bind to Eph receptors and B class ephrins independentlyEph-ephrin clustering is important for the nature of the
of phosphorylation, including guanine exchange factorscellular response (Huynh-Do et al., 1999; Stein et al.,
that regulate Rho family GTPases and PDZ domain pro-1998). Several protein-protein interaction domains of
teins that bind to a C-terminal PDZ interaction motif.Eph receptors and ephrins can potentially contribute to
The involvement of phosphorylation-independent path-oligomerization of Eph-ephrin tetramers: the juxtamem-
ways is suggested by the finding that Eph receptorsbrane part of the ephrinB cytoplasmic tail (Song et al.,
overexpressed in cell culture system are autophosphor-2002); interactions of Eph receptors and ephrinB pro-
ylated but do not elicit a biological response in the ab-teins with multivalent PDZ domain-containing proteins
sence of clustering induced by ligand binding (Lawren-(Bruckner et al., 1999; Lin et al., 1999); the cytoplasmic
son et al., 2002). The clustering of Eph receptors andSAM domain of Eph receptors (Thanos et al., 1999); and
ephrins and association with membrane rafts (Brucknerthe EGF-like domain of Eph receptors (Lackmann et al.,
et al., 1999; Gauthier and Robbins, 2003; Torres et al.,1998; Smith et al., 2004). In addition, clustering may be
1998) may trigger downstream pathways by enablingpromoted by the recruitment of B class ephrins to lipid
specific interactions between cytoplasmic proteins,raft microdomains following interaction with PDZ do-
thus assembling signal transduction complexes. Littlemain proteins (Bruckner et al., 1999; Torres et al., 1998).
is currently known regarding signal transduction by ASimilarly, clustering of A class ephrins may be promoted
class ephrins (Davy and Robbins, 2000), but this maydue to their GPI anchor that is sequestered to lipid rafts
also involve association with membrane rafts (Gauthier(Gauthier and Robbins, 2003).
and Robbins, 2003). In addition to controlling the activityElegant studies have recently demonstrated that bind-
of cytoplasmic modulators of the cytoskeleton and ad-ing of ephrinA5-coated beads triggers formation and
hesion, there is emerging evidence that Eph-ephrin acti-propagation of EphA3 clusters that dramatically exceed
vation can modulate gene expression, for example bythe area of direct contact with ligands (Wimmer-Klei-
crossactivation of other receptors (Takasu et al., 2002),kamp et al., 2004). Surprisingly, the recruited nonligand
via the JAK-STAT pathway (Lai et al., 2004), and poten-bound receptors are phosphorylated, suggesting that
tially by regulation of MAPK pathways.the amount of receptor activation could be independent
Other reviews have discussed in detail the multipleof the amount of ligand, whereas in vivo the amount of
biochemical pathways regulated by Eph receptors andephrin can regulate the type of response (for example,
ephrins (Cowan and Henkemeyer, 2002; Kullander andHansen et al., 2004). One possible explanation is that
Klein, 2002; Noren and Pasquale, 2004; Wilkinson, 2000).ligand-independent clustering of receptor leads to dis-
We will review the diverse control of cell migration andtinct downstream signaling compared with receptors
bound to ephrins. adhesion by Eph receptors and ephrins and later discuss
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signal transduction pathways that are differentially regu- with a cofactor required for endocytosis and collapse.
Alternatively, as shown for EphB4 (Marston et al., 2003),lated and may underlie distinct cellular responses.
low order clustering that normally occurs upon initial
interaction of membrane bound Eph receptor and ephrinBinding and Disengagement
may be essential to trigger cytoskeletal reorganizationThe regulation of repulsion by a membrane bound re-
required for endocytosis.ceptor-ligand system presents an apparent paradox:
These findings beg the question of whether endocyto-the extensive clustering and high-affinity binding of Eph
sis also has a role in the removal of EphA and ephrinAreceptors and ephrins from cell to cell can mediate adhe-
proteins from the cell surface, either as an intact mem-sion, so how can cells move apart following repulsion?
brane bound complex or following ephrinA cleavage. ItThis puzzle is resolved by the discovery of two mecha-
has not been reported whether EphA-ephrinA com-nisms that remove membrane bound Eph receptor-
plexes are internalized, but several studies have shownephrin complexes, thus enabling the disengagement of
that EphA activation leads to receptor endocytosis andcells during repulsion triggered by Eph receptor and/or
degradation that requires the Cbl ubiquitin ligase (Sharfeephrin activation.
et al., 2003; Walker-Daniels et al., 2002; Wang et al.,In one mechanism, interaction of EphA3 with ephrinA2
2002). Since Cbl bound to activated receptors can alsoleads to proteolytic cleavage in the juxtamembrane do-
act as an adaptor for signal tranducers (Marmor andmain of ephrinA2 by the ADAM-10 (kuzbanian) metallo-
Yarden, 2004), this mechanism could also act to assem-proteinase (Hattori et al., 2000). In the absence of EphA
ble a signaling complex concomitantly with the initiationreceptor, ADAM-10 binds to but does not cleave
of internalization and degradation. Furthermore, inhibi-ephrinA2, and since proteolysis can be triggered by sol-
tion of Rac1 blocks both ligand-induced endocytosisuble EphA-Fc protein, it is regulated by the binding
and growth cone collapse that occurs following EphArather than the activation of EphA receptor. Ephrin cleav-
receptor activation in retinal neurons (Jurney et al.,age occurs slowly and this may be important to allow
2002), similar to the situation for EphB4 activation (Mar-clustering and activation of EphA receptor by membrane
ston et al., 2003). Interestingly, Rac1 activity and recep-bound ephrin; consequently, cytoskeletal collapse is ini-
tor endocytosis are also required for growth collapse intiated in parallel with the cleavage of ephrin, ultimately
response to a soluble chemorepellent, Sema3A (Four-leading to the disengagement of cells.
nier et al., 2000; Jurney et al., 2002). The primary role ofIn a second mechanism, EphB-ephrinB interactions
the link between growth cone collapse and endocytosisat the cell surface can be terminated by endocytosis of
may be to ensure that the cell response is transient sincethe intact Eph-ephrin complex into the EphB- or the
it is coupled to the termination of receptor activation. InephrinB-expressing cell (Marston et al., 2003; Zimmer
case of Eph-ephrin interactions, endocytosis also en-et al., 2003). This endocytosis brings in membrane from
ables the disengagement of cells following cytoskele-the adjacent cell and presumably forms vesicles in which
tal collapse.the Eph-ephrin complex has a different orientation de-
pending upon the direction of endocytosis. Importantly,
it was found that EphB4 activation regulates an initial
Restriction of Cell Movementassembly of actin and lammelipodia formation in the
Repulsive GuidanceEphB4-expressing cell, and both cytoskeletal assembly
One major developmental role of Eph receptor andand endocytosis require Rac function (Marston et al.,
ephrin signaling is to mediate cell contact-dependent2003). This suggests a progression in which EphB4 acti-
repulsion that prevents migrating cells or neuronalvation first promotes cytoskeletal assembly required for
growth cones from crossing into ligand-expressing terri-EphB4-ephrinB2 endocytosis, and concurrent with en-
tory, thus confining them to an appropriate pathwaydocytosis there is a switch to a cytoskeletal collapse
(reviewed by Flanagan and Vanderhaeghen, 1998; Holderresponse and disengagement of cells. Since phosphory-
and Klein, 1999; Wilkinson, 2001). Such signaling canlated EphB4 is detected in intracellular vesicles, contin-
occur via EphA, EphB, or ephrinB activation, and exam-ued signaling of internalized receptor could contribute
ples include the restriction of neural crest cells and mo-to the switch in cell response. It is not known whether
tor axons from the caudal half of somites (Krull et al.,ephrinB activation is required for endocytosis into the
1997; Wang and Anderson, 1997), inhibition of axonsephrinB-expressing cell. However, since there is indirect
from crossing the midline in the vertebrate CNS (Kul-evidence that cytoskeletal assembly promotes ephrinB
lander et al., 2001; Williams et al., 2003; Yokoyama etendocytosis (Zimmer et al., 2003), this may reflect that
al., 2001), guidance of motor axons in the limbs (Eberhartin the cell culture systems used for these experiments,
et al., 2002; Helmbacher et al., 2000), and preventingephrinB activation does not lead to a cytoskeletal re-
axons from exiting the CNS in Drosophila (Bossing andsponse. Indeed, studies of retinal axons that are repelled
Brand, 2002). In all of these contexts, Eph receptors andby ephrinB activation provide evidence for a link be-
ephrins are acting in parallel with long-range cues thattween the cell response and endocytosis (Mann et al.,
mediate attraction or repulsion, and by virtue of being2003). Unclustered EphB2-Fc is endocytosed and trig-
membrane bound they have a specific role in mediatinggers growth cone collapse of ephrinB-expressing dorsal
directional repulsion at territorial borders. A related role,axons, and inhibition of endocytosis blocks collapse.
discussed below, is in topographic mapping in whichUnexpectedly, it was found that preclustered EphB2-Fc
complementary gradients of Eph receptor and ephrinis not endocytosed and does not trigger growth cone
expression can mediate graded repulsion within a ter-collapse. One potential explanation is that extensive
clustering of ephrinB proteins excludes an association ritory.
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Segregation across Interfaces ephrin gene commonly has effects only on a small sub-
set of its expression domain. However, there is increas-The inhibition of cell mixing between tissues or between
ing evidence for a role of Eph receptors and ephrins indistinct tissue domains is essential to maintain orga-
cell segregation in other tissues. A striking example isnized patterns. One important mechanism is the control
revealed by the effects of ephrinB1 gene inactivation,of cell affinities by homophilic cell adhesion molecules,
which leads to defective subdivision of condensationsin which cells maximize their contacts with other cells
of chondrocytes that form skeletal elements (Compagnithat have the same affinity properties (Steinberg, 1970;
et al., 2003; Davy et al., 2004). Since there is complemen-Steinberg and Takeichi, 1994). The roles of Eph recep-
tary expression of ephrinB1 in chondrocytes and EphBtors and ephrins in confining actively migrating cells to
receptors in surrounding tissue, this suggests a role ofappropriate pathways, together with the complementary
ephrinB1-EphB interactions in segregation of chondro-expression of Eph receptor and ephrins within many
cytes. Support for this comes from analysis of heterozy-tissues (Gale et al., 1996b), raise the possibility that they
gous mutant female embryos, in which (because ephrinB1could inhibit cell intermingling across the interfaces of
is on the X chromosome) mosaic loss of expressiontheir expression domains. In support of this, bidirec-
occurs due to X chromosome inactivation. It was foundtional activation of EphB2 and ephrinB1 across an inter-
that cells lacking ephrinB expression segregate intoface of adjacent cell populations mediates a bidirec-
patches in the developing limbs, such that abnormaltional inhibition of cell intermingling (Mellitzer et al.,
interfaces of ephrinB1 and EphB expression are formed.1999).
When these interfaces are present within condensingInitial evidence for a developmental role in the forma-
mesenchyme, they correlate with a splitting of the form-tion of sharp interfaces came from studies of two seg-
ing digit, indicative of a role of EphB-ephrinB interac-mented tissues—the vertebrate hindbrain and somites—
tions in cell segregation. Since other studies have re-that are stabilized by restricted cell intermingling across
vealed roles of ephrinA/EphA signaling in the inhibitioninterfaces. Complementary EphA4-ephrinB expression
of mixing of cells along the proximal-distal axis of theoccurs at segment interfaces in the hindbrain and so-
early limb bud, and later in cartilage patterning (Stadlermites, and expression of truncated EphA4 receptor (that
et al., 2001; Wada et al., 2003), it is likely that multiplecan block EphA4 and activate B class ephrins) in zebra-
Eph/ephrin interactions contribute to progressive mor-
fish embryos disrupts segmental organization in these
phogenesis of the limb skeleton.
tissues (Durbin et al., 1998; Xu et al., 1995). Furthermore,
A further role in cell segregation has been uncovered
mosaic ectopic expression of Eph receptor and ephrinB
in studies of the morphogenesis of sensory rays in
genes leads to cell sorting in the hindbrain, suggesting C. elegans. Each sensory ray is comprised of a row of
that each regulate cell-cell affinity (Xu et al., 1999). cells that have adherens junction contacts with each
Although these experiments support a role of Eph other but not with adjacent rays (Baird et al., 1991).
receptors and ephrins in the segmental restriction of Mutagenesis screens have identified mutants in which
cell intermingling, they have not revealed the nature of ectopic adhesive contacts form between rays (Chow
the cellular responses. For example, it is not known and Emmons, 1994), including vab-26, due to mutation
whether in an epithelial tissue, such as the neural tube, of ephrin4, one of the four ephrin genes of C. elegans
Eph-ephrin activation inhibits cell intermingling via re- (Chin-Sang et al., 2002). However, ephrin4 does not in-
pulsion and cytoskeletal collapse or acts by establishing teract with Vab-1, the single Eph receptor in C. elegans
cell-affinity differences. The larger spaces between cells (Chin-Sang et al., 2002). A potentially important clue
at hindbrain boundaries (Heyman et al., 1993) are sug- comes from the finding that the ephrin4 mutant does
gestive of decreased cell adhesion and/or a dynamic not have an additive phenotype when combined with
cycle of adhesion and repulsion across the interface. A mutation of the semaphorin-2A gene (vab-20) that regu-
further way in which Eph-ephrin interactions regulate lates sensory ray morphogenesis through activation of
cell behavior has been found in studies of vertebrate plexin receptor and through plexin-independent path-
mesoderm segmentation in which groups of mesenchy- ways (Ikegami et al., 2004). This finding suggests either
mal cells aggregate and form epithelial somites. In these that ephrin4 activates an unidentified receptor required
experiments, Eph-ephrin interfaces were generated by for plexin-independent signaling of Sema2A, or that
transplanting cells expressing full-length or truncated ephrin4 is itself a receptor for Sema2A.
EphA4 into a zebrafish mutant that has disrupted somite Graded Segregation
formation and expresses ephrinB2 but not EphA4 in A further way in which Eph/ephrin interactions can main-
presomitic mesoderm (Barrios et al., 2003). Activation of tain patterns of cell organization is revealed by a study
EphA4 induces mesenchymal cells to become epithelial of patterning of crypts of the small intestine (Batlle et
and polarized, with increased -catenin at the apical al., 2002). These crypts are comprised of a dynamic
cell membrane. However, the epithelialization and polar- population of epithelial cells in which there is continual
ization of ephrinB2-expressing cells appears not to re- renewal of differentiated cells. In the neonatal small in-
quire signal transduction via ephrinB2, but may involve testine, high levels of Wnt signaling promote the prolifer-
an unidentified receptor-ligand system that is depen- ation of undifferentiated cells in the base of the crypts,
dent upon EphA4 activation in the adjacent cells. and as cells differentiate they move away from the Wnt
Loss-of-function studies have not yet revealed a role source toward the villus. Wnt signaling upregulates
of Eph-ephrin interactions in hindbrain or somite seg- EphB2 and EphB3 expression in proliferative cells,
mentation, most likely due to overlapping gene func- whereas differentiated cells downregulate EphB recep-
tors and upregulate ephrinB1. Analysis of EphB2/EphB3tions, since inactivation of a single Eph receptor or
Review
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mutant mice reveals that EphB function prevents inter-
mingling of proliferating cells into the zone of differenti-
ating cells. Thus, complementary EphB-ephrinB expres-
sion serves to maintain the segregation of precursor
cells and differentiating cells in distinct domains, and
the movement of cells involves the switching of EphB
to ephrinB expression. A more complex organization
occurs in the adult, in which proliferating cells are lo-
cated above the base of the crypts, and whereas most
differentiating cells move toward the villus, Paneth cells
move in the opposite direction into the base. There is
an overlapping complementary gradient of ephrinB1
(highest in differentiated cells in the villi) and EphB2
(highest in the most basal proliferating cells), while
EphB3 expression occurs at high levels specifically in
Paneth cells (Figure 2A). In EphB3 null mutants, Paneth
cells no longer move to the base of the crypts, and in
EphB2 mutants, intermingling occurs between prolifer-
ating cells and differentiating cells in the villus. These
findings suggest that the levels of EphB and ephrinB1
expression regulate the positioning and migration of
cells. As differentiating cells progressively downregulate
EphB2 and upregulate ephrinB1, they move down the
gradient of EphB2 and up the gradient of ephrinB1 ex-
pression, such that there is a unidirectional flow of mi-
gration. In contrast, the high-level expression of EphB3
by Paneth cells underlies their migration in the opposite
direction, away from higher levels of ephrinB1 expres-
sion. This model implies that graded ephrinB and/or
Eph receptor activation can underlie patterns of tissue Figure 2. Examples of Diverse Roles of Eph Receptors and Ephrins
organization and cell migration, in which cells position The figure illustrates the variety of ways in which Eph receptors
themselves according to the level of expression relative (blue) and ephrins (red) act at boundaries or in gradients to regulate
cell migration via repulsion and/or attraction responses.to their neighbors.
(A) In adult intestinal crypts, proliferating precursors express EphB2,
and during differentiation the cells that move to the villus progres-Invasion and Assembly
sively downregulate EphB2 and upregulate ephrinB1. The comple-Attractive Guidance
mentary gradients of EphB2 and ephrinB1 restrict mixing between
In contrast to the roles of Eph-ephrin interactions in precursors and their derivatives at the villi, and the progressive
mediating cell repulsion that prevents the invasion of switch in expression may underlie the directed migration of cells
cells, in other situations they can act as positive guid- (indicated by arrows). Paneth cell derivatives upregulate EphB3, and
consequently migrate in the opposite direction to the base of theance cues for migrating cells and neuronal growth
crypts, away from the domain of ephrinB1 expression.cones. Intriguingly, the same receptor can mediate dis-
(B) At early stages of trunk neural crest cell migration in chick em-tinct responses of different cells, or even of the same cell
bryos, EphB-expressing neurogenic crest cells are repelled from(see below), when they encounter ligand. For example,
dorsolateral mesenchyme that expresses ephrinB1. Consequently,
activation of EphA4 by ephrinA ligands underlies repul- migration is restricted to a ventral route. However, at later stages,
sive guidance of motor axons that navigate to the limbs neural crest cells specified as melanoblasts migrate on the dorsolat-
(Eberhart et al., 2002; Helmbacher et al., 2000) but is eral pathway due to an attractive response to ephrinB1. There is
thus a switching of cell responses to EphB activation.implicated in the positive guidance of motor axons that
(C) Low levels of ephrinA promote the migration of retinal axonproject to axial muscles via ephrinA5-expressing rostral
growth cones, whereas high levels of ephrinA inhibit migration.sclerotome: blocking of EphA4 or ectopic expression of
There is thus a switch in cell responses regulated by the level ofephrinA5 causes ectopic navigation of the latter axons
clustering or activation of EphA receptors. This suggests a model
into caudal sclerotome, and premature expression of for topographic mapping in which growth cone migration is initially
EphA4 leads to an abberant projection into ephrinA5- stimulated up the ephrinA gradient in the superior colliculus and
expressing dorsal root ganglia (Eberhart et al., 2004). arrests when attraction is counter-balanced by repulsion. Topo-
graphic mapping also involves axon branching and competition be-The basis for these distinct repulsion and attraction re-
tween axons for interactions with target tissue.sponses is not known, but correlates with detection
of activated EphA4 in the growth cone in the former
situation, while only in the axon shaft in the latter.
et al., 2001). In this topographic map, axons with highAttractive Gradients
levels of ephrinA5 expression project to territory thatIn vitro studies suggest that signal transduction via
has high levels of EphA6 expression, and axons withephrinA proteins leads to an increase in the adhesion
low-level ephrinA5 project to territory with low-levelor migration of cells (Davy and Robbins, 2000). A devel-
EphA6. Furthermore, in stripe assays, vomeronasal ax-opmental role for ephrinA activation by EphA proteins
ons prefer to grow on EphA plus laminin substrate ratherhas been uncovered in studies of the projection of vom-
eronasal axons to the accessory olfactory bulb (Knoll than on laminin alone. Thus, ephrinA activation has an
Developmental Cell
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attractive guidance function, and topographic mapping a wide variety of tumors (Berclaz et al., 1996, 2002; Easty
may be established by the stronger affinity of axons with et al., 1995; Hirai et al., 1987; Kiyokawa et al., 1994; Liu
higher levels of ephrinA5 for cells with high levels of et al., 2002; Miyazaki et al., 2003; Saito et al., 2004;
EphA7, compared with axons that have a lower level Wicks et al., 1992). In most of these cases, there is a
of ephrinA5. correlation between the degree of tumor malignancy
A role of ephrinA signal transduction in mapping has and the level of Eph expression. Moreover, high levels
also been uncovered in studies of olfactory neurons. of Eph expression correlate with a poor degree of tumor
In this map, olfactory receptors have a crucial role in differentiation and high degree of metastasis. For exam-
regulating the connection to precise targets in glomeru- ple, esophageal squamous cell carcinomas that exhibit
lae, and they do so in part by regulating the level of the highest degree of lymph node metastasis have the
ephrinA3 and ephrinA5 expression (Cutforth et al., 2003). highest levels of EphA2 expression (Miyazaki et al.,
Inactivation of the ephrinA3 and ephrinA5 genes shifts 2003). In human brain tumors, invading glioblastomas
the projection of axons expressing specific olfactory have higher EphB2 expression than do low-grade astro-
receptors to a more posterior target, whereas overex- cytomas (Nakada et al., 2004). Tumor progression may
pression of ephrinA5 causes an anterior shift. However, occur due to changes in adhesion to the extracellular
the mechanism by which the level of ephrinA expression matrix and alterations of the cytoskeleton, but a direct
regulates targeting is unclear, since EphA expression link has yet to be demonstrated in tumor models other
does not appear to be in a gradient along the anterior- than cell lines transfected with Eph receptors (Lawren-
posterior axis of the target tissue. son et al., 2002; Miao et al., 2000). A major question
Adhesive Assembly remains regarding the nature of the cell response
A number of studies have shown that Eph receptor acti- caused by Eph receptor overexpression. It can be envis-
vation can increase integrin-mediated adhesion of en- aged that Eph receptor activation might enable an inva-
dothelial cells in culture to extracellular matrix (Huynh- sion response to ephrins expressed in adjacent tissue,
Do et al., 1999; Stein et al., 1998), but a developmental or might lead to repulsion within the tumor tissue such
function has not yet been uncovered. One context in that cells emigrate. Based upon their roles in develop-
which such adhesion has an in vivo role is in platelet ment, it can be predicted that loss of Eph or ephrin
aggregation, in which activation of EphA4 or ephrinB1 expression could similarly lead to invasion of adjacent
synergizes with thrombin receptor activation to promote tissue.
integrin-mediated adhesion of platelets to fibrinogen
(Prevost et al., 2002, 2004). Roles of Switching between Attraction
A developmental role in promoting cell-to-cell adhe- and Repulsion
sion is suggested by studies showing that ephrinA5 con- The discussion above has focused on situations in which
tributes to the epithelial fusion of the lateral edges of Eph receptor-ephrin interactions regulate either a repul-
the neural plate in neural tube closure (Holmberg et al., sion or an attraction response. In vitro studies showing
2000). EphrinA5 is coexpressed in the lateral neural plate that Eph receptor activation can increase or decrease
with EphA7 and a splice variant encoding truncated
integrin-mediated adhesion suggest that cells might be
EphA7 lacking the cytoplasmic kinase domain. In vitro
able to switch between distinct responses (Huynh-Do
cell aggregation experiments show that truncated
et al., 1999). Recent work has uncovered in vivo contexts
EphA7 promotes cell-cell adhesion, and this could in-
in which Eph/ephrin regulation of both repulsion andvolve the suppression of EphA7 activation, activation of
attraction responses regulates cell migration and as-ephrinA5, and/or direct adhesion via EphA7-ephrinA5
sembly of organized tissue patterns.binding.
Neural Crest Cell MigrationRecent work has shown that EphB2 and ephrinB2
Recent studies have shown that switching of cell re-are required for the epithelial fusion that separates the
sponses to Eph receptor activation has an importanturethra endoderm into the urinary and alimentary tracts
role in establishing pathways of trunk neural crest cell(Dravis et al., 2004). The incomplete septation of the
migration in the chick embryo (Santiago and Erickson,urethra in EphB2 and ephrinB2 mutants leads to a hy-
2002). At early stages of neural crest production, thepospadia phenotype similar to a common human birth
cells have a neural fate and migrate ventrally throughdefect. EphB2 and ephrinB2 are coexpressed in cells
the rostral half of somites, whereas at later stages neuralthat meet at the fusion site, suggesting that these regu-
crest differentiates to form melanoblasts that migratelate an adhesive response. Importantly, the analysis of
along a dorsolateral route (Figure 2B). The restriction togene knockins in which the cytoplasmic domain of
a ventral route is in part regulated by EphB2/EphB3-EphB2 or ephrinB2 is removed reveals that signaling
mediated repulsion by ephrinB ligands expressed in thethrough both components is required for the septation.
caudal half of somites (Krull et al., 1997; Wang and An-This suggests a model in which the coactivation of
derson, 1997) and in dorsolateral mesenchyme (Santi-EphB2 and ephrinB2 within the same cells underlies an
ago and Erickson, 2002). Unexpectedly, it was foundadhesion response.
that dorsolateral expression of ephrinB ligands is notPotential Relevance to Cell Invasion in Cancer
downregulated at the time of melanoblast migration,Given their critical involvement in the control of cell
but rather now acts as a positive cue required for themigration, it is perhaps not surprising that Eph/ephrins
migration of these cells along the dorsolateral pathwayhave been implicated in cancer. Following identification
(Santiago and Erickson, 2002). This switch in cell re-of the first Eph receptor in an erythropoietin-producing
sponses was reflected by the effects of substrate boundhepatoma cell line (Hirai et al., 1987), numerous studies
have reported high levels of Eph receptor expression in ephrinB1 on explanted neural crest: early neural crest
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cells round up and there is a disruption of the actin only to an increase in cell migration and angiogenic
sprouting.cytosleketon, whereas late neural crest cells form mi-
Topographic Mappingcrospikes containing filamentous actin. It is currently
In topographic maps, axons from a field of neuronal cellnot known how the switch in cell responses to EphB
bodies establish connections with target tissue so asactivation is regulated.
to maintain nearest-neighbor relationships. Graded ex-Angiogenesis
pression of Eph receptors and ephrins has a key role inThe formation of blood vessels is an excellent example
topographic mapping (Dearborn et al., 2002; Drescherof tissue assembly that may involve both adhesive and
et al., 1997; Flanagan and Vanderhaeghen, 1998; O’Learyrepulsive responses to Eph/ephrin activation. A primitive
and Wilkinson, 1999) by mediating differential responsevascular network of endothelial cells forms during early
to gradients of activation. The best-studied topographicstages of embryogenesis that is then remodeled during
map is the projection of retinal ganglion cells to theangiogenesis by fusion and splitting of vessels and as-
midbrain (tectum in chick, superior colliculus [SC] insembly of new branches by sprouting. A number of Eph
mouse), in which there are orderly nearest-neighbor re-receptors and ephrins are expressed by endothelial cells
lationships along the anterior-posterior and dorsal-ven-(Adams et al., 1999; Daniel et al., 1996; Gerety et al.,
tral axes. Along the anterior-posterior axis, axons from1999), and a prominent role is played by EphB4 and
the posterior retina (that express high levels of EphAephrinB2, which are specifically expressed in veins and
receptors) project to the anterior SC (low levels ofarteries, respectively. In addition, EphB and ephrinB
ephrinA5 and ephrinA2), whereas axons from the ante-genes are expressed in mesenchymal tissues that endo-
rior retina (low levels of EphA receptors) project to thethelial cells interact with (Adams et al., 1999; Gale et al.,
posterior SC (high levels of ephrinA ligands). In mouse2001; Gerety et al., 1999). Gene targeting experiments
and chick, the map forms by an initial projection in whichreveal that EphB4 and ephrinB2 are each required for
many growth cones overshoot to a more posterior loca-angiogenic remodeling (Adams et al., 1999; Gerety et
tion in the SC, followed by selective branching at theal., 1999; Wang et al., 1998) and that this requires endo-
appropriate A-P location and pruning (Roskies andthelial expression of ephrinB2 (Gerety and Anderson,
O’Leary, 1994; Simon and O’Leary, 1990). However,2002). These findings are suggestive of a requirement
most studies have assayed effects of ephrins on growthfor activation of ephrinB2 and/or EphB4 by interactions
cone migration, and the correlation between mappingof veins and arteries to stimulate remodeling and assem-
and the differential responses to graded ephrins in thesebly of new vessels (Adams et al., 2001; Cowan et al.,
assays presumably reflects that some common mecha-2004). Another role of EphB4-ephrinB2 interactions may
nisms are used in branching and growth cone guidance.be to prevent fusion of veins and arteries, in particular
In vitro and in vivo assays show that high levels ofwhere they are in close proximity in dense capillary beds.
EphA receptor activation lead to growth cone repulsionRecent work has suggested that remodeling does not
and that axons with high levels of Eph receptor expres-require signal transduction via ephrinB2 (Cowan et al.,
sion are more sensitive to ephrin-mediated repulsion2004), and thus activation of EphB4 is sufficient to main-
than axons with low levels of EphA receptor expressiontain segregation and enable angiogenesis both in veins
(Drescher et al., 1997; Flanagan and Vanderhaeghen,and (presumably indirectly) in arteries. EphrinB expres-
1998; Wilkinson, 2001). In addition, an overlap of uniformsion in adjacent tissues can inhibit the formation of
EphA4 and graded ephrinA5 expression in retinal axonsblood vessels, thus localizing sprouting to specific
modulates responses to ephrinA ligands: ephrinA5 is atplaces such as between somites (Helbling et al., 2000).
higher levels in anterior retinal axons and acts to de-A crucial role of surrounding tissues in organization of
crease the repulsion of these axons by ephrinA-express-the cardiovascular system has been confirmed by gen-
ing tissue (Hornberger et al., 1999). These findings sup-erating mice that express ephrinB2 ubiquitously (Oike et
port a model in which growth cones navigate up the
al., 2002). These mice displayed an abnormal segmental
gradient of ephrinA until repulsion causes arrest, and
arrangement of intersomitic vessels, while such abnor-
this occurs at different anterior-posterior locations in
malities were not observed in mice in which ephrinB2 is the tectum/SC due to the graded sensitivity of retinal
overexpressed only in vascular endothelial cells. In vitro axons. However, in an ephrinA5/ephrinA2 double knock-
culture analysis demonstrated that EphB4/ephrinB2 sig- out that removes all ephrinA expression from the SC,
naling between endothelial cells and surrounding stro- retinal axons still all project to the SC but topographic
mal cells regulates the proliferation and mobility of endo- mapping is severely disrupted (Feldheim et al., 2000).
thelial cells (Zhang et al., 2001). Taken together with other experiments (Brown et al.,
The results of in vitro studies are consistent with di- 2000; Feldheim et al., 2004), these findings suggest a
verse adhesive and deadhesive responses of endothe- model in which retinal axons compete with each other
lial cells to Eph-ephrin activation. EphB4 activation can to form connections in the SC, and graded repulsion by
promote (Maekawa et al., 2003; Steinle et al., 2002) or ephrins acts to bias the competition; for example, axons
inhibit (Fuller et al., 2003; Hamada et al., 2003) endothe- with low levels of EphA receptor outcompete those with
lial cell migration and adhesion. Similarly, ephrinB2 acti- high levels of EphA in projecting to tissue with high
vation has been reported to promote (Fuller et al., 2003; levels of ephrin.
Hamada et al., 2003; Steinle et al., 2003) or inhibit (Zhang Theoretical considerations have led to the idea that
et al., 2001) assembly of endothelial cells. In contrast, a second graded signal may be required to explain why
EphB1 activation (Huynh-Do et al., 2002; Nagashima growth cones migrate up the gradient of repellant rather
et al., 2002; Vindis et al., 2003) and EphA2 activation than arresting at low levels of repellant; for example,
there could be a coincident gradient of an attractant or(Brantley-Sieders et al., 2004; Cheng et al., 2002) lead
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a counter-gradient of a distinct repellant. Recent work
has suggested that ephrinAs act as both attractants and
repellants, such that switching of cell responses to EphA
receptor activation contributes to topographic mapping
(Hansen et al., 2004). This was demonstrated in an assay
in which retinal axons are placed on membranes with
varying amounts of ephrinA ligands within a physiologi-
cal range. It was found that low amounts of ephrinA
increase the outgrowth of axons compared with growth
in the absence of ephrinA, but above a threshold level,
outgrowth is inhibited. This suggests a model in which
ephrinAs act as an attractive cue for growth cone migra-
tion up the ephrin gradient and that arrest of migration
occurs when a threshold level of ephrinA is encountered
that switches growth cones to a repulsion response
(Figure 2C). Topographic mapping occurs since the
switch in response occurs at lower ephrinA levels for
retinal axons that express higher levels of EphA receptor
(Hansen et al., 2004). Since in experimental manipula-
tions axons can shift their projection to a location with
a different ephrinA level, switching of responses to EphA
activation must act in concert with other mechanisms
such as axon competition. It will be important to investi-
gate whether threshold responses to ephrins underlies
the localized branching that underlies topographic
mapping.
A switch in cell response to threshold levels of Eph/
ephrin activation also appears to underlie topographic
mapping along the dorsal-ventral axis of the retinotectal
system. Along this axis, ventral axons (high levels of
EphB receptors) project to the dorsal tectum/SC (high
levels of ephrinB), and dorsal axons (high levels of
ephrinB) project to the ventral tectum/SC (high levels of
Figure 3. Potential Mechanisms Underlying Repulsion versus Inva-EphB). This relationship between the pattern of connec-
sion Responses to Eph Receptor Activation
tions and EphB/ephrinB expression is suggestive of an
Evidence has been obtained for a number of different mechanisms
attractive response to activation (Braisted et al., 1997). that underlie distinct cell responses, as described in the text. The
In support of an attractive role of the activation of same types of mechanisms may also modulate cell responses to
ephrinB by EphB protein, dorsal axons (high ephrinB) signaling via ephrin proteins.
were found to preferentially grow on EphB substrate,
and expression of dominant-negative ephrinB causes
axons to shift to a more dorsal projection (lower EphB) receptor or ephrin activation (Figure 3). We will first dis-
(Mann et al., 2002). Similarly, signaling through EphB cuss two major pathways that are differentially regulated
receptors is required for ventral axons (high EphB) to by Eph receptors and by ephrins: the activity of Rho
project to the dorsal tectum (high ephrinB), since in family GTPase family members and the activation or
EphB2/EphB3 gene knockouts or a knockin of kinase inhibition of MAP kinases. Different cell types could have
inactive EphB2, axons project to a more ventral location a distinct response because they express Eph receptors
(Hindges et al., 2002). In these latter experiments in or ephrins that activate some distinct pathways, and/or
the mouse, it was observed that the correct pattern of because they express different downstream signal
connections is established by the selective projection transduction components. However, cell type-specific
of side branches dorsally if the axon is too ventral, or differences do not explain how the same cells can re-
ventrally if the axon is located too dorsal, i.e., up or spond in different ways, and we will then review mecha-
down the ephrinB gradient, respectively. The finding that nisms that may underlie switching between distinct re-
high-level ectopic expression of ephrinB1 is repellant for sponses.
axonal branches suggests that ephrinB1 has a dual role Rho Family GTPases
in which it regulates attraction or repulsion responses The Rho family of small GTPases has a central role
that direct side branches up or down the ephrin gradient, in control of the dynamic reorganization of the actin
respectively, such that they terminate at the appropriate cytoskeleton required for cell migration and adhesion
dorsoventral location (McLaughlin et al., 2003). (Hall and Nobes, 2000). This family includes Cdc42
(which regulates filopodia dynamics), Rac (which medi-
ates lamellopodia formation), and Rho (which promotes
Potential Mechanisms of Diverse Responses stress fiber formation). The activity of Rho family
A number of mechanisms may contribute to the modula- GTPases is controlled by guanine nucleotide exchange
factors (GEFs) that promote the exchange of GDP totion of an attraction versus a repulsion response to Eph
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GTP (Malliri and Collard, 2003; Schmidt and Hall, 2002). A positive effect of EphA and EphB receptors on
The activation and/or direct binding of GEFs is one of the MAPK activity has been found in many cell types, includ-
major mechanisms by which Eph receptors and ephrins ing neuronal precursors (Aoki et al., 2004), breast cancer
regulate cell migration (Noren and Pasquale, 2004) and cells (Pratt and Kinch, 2002), HEK293 cells (Zisch et al.,
may underlie a key aspect of Eph-ephrin function: the 2000), endothelial cells (Vindis et al., 2003), and T cells
localized regulation of the actin cytoskeleton at sites of (Luo et al., 2002; Yu et al., 2003a, 2003b). Depending on
cell-cell contact (Marston et al., 2003) that enables the the cell type, Eph-mediated MAPK activation results in
attraction or repulsion response to be directional. A decrease of cell matrix adhesion (Pratt and Kinch, 2002;
number of GEFs have been found to bind Eph receptors Zisch et al., 2000), activation of chemotaxis (Vindis et
that activate different Rho family members, including al., 2003), and stimulation of cell proliferation (Yu et al.,
Rho (Ogita et al., 2003; Shamah et al., 2001), Rac1 2003a) or differentiation (Aoki et al., 2004). On the other
(Penzes et al., 2003; Tanaka et al., 2004), and Cdc42 hand, EphA and EphB receptors can negatively regulate
(Irie and Yamaguchi, 2002). In addition, the binding of Ras/MAPK activity, resulting in suppression of cell pro-
Eph receptors to adaptor proteins, including Nck, Ras- liferation (Miao et al., 2003), inhibition of cell matrix adhe-
GAP (Holland et al., 1997), Crk (Lawrenson et al., 2002; sion (Zou et al., 1999), and neurite retraction (Elowe et
Nagashima et al., 2002), and Dishevelled (Tanaka et al., al., 2001).
2003), leads to modulation of Rho family GTPase ac- The opposite effects of Eph activation on MAPK activ-
tivity. ity may be partially explained by the specificity of bind-
EphrinB signaling involves some pathways implicated ing to inhibitors and activators of the MAPK pathway.
in regulation of the activity of Rho GTPases by Eph In most cases, the activating effect of Eph receptors is
receptors, including GEFs (Tanaka et al., 2004), Dishev- mediated by direct or indirect recruitment of the Grb2-
elled (Tanaka et al., 2003), and the Nck-related adaptor Sos1 complex, which acts as a Ras-specific GEF (Pratt
protein Grb4 (Cowan and Henkemeyer, 2001; Su et al., and Kinch, 2002; Vindis et al., 2003). Activated EphB
2004). GEF activity may also be modulated by PI3-kinase receptors downregulate the Ras/MAPK pathway in neu-
signaling that is induced by Eph receptors as well as ronal and endothelial cells by direct recruitment of Ras-
by B class ephrins (Brantley-Sieders et al., 2004; Mae- GAP, a negative regulator of Ras (Elowe et al., 2001;
kawa et al., 2003; Schmidt and Hall, 2002; Steinle et Kim et al., 2002; Nagashima et al., 2002; Tong et al.,
al., 2003). 2003). EphB2 can also inhibit MAPK activity through
In most cases, Eph-ephrin activation concurrently af- direct interaction and phosphorylation of R-Ras, which
fects Rho, Rac, and Cdc42 and can shift the balance can then no longer bind and activate the MAPK activator
between their activated states. Eph-ephrin modulation Raf-1 (Zou et al., 1999).
of Rho family GTPases in neuronal cells regulates EphB1 activation does not inhibit MAPK, and this may
growth cone dynamics (Gallo and Letourneau, 2004), in be explained by its strong association with Grb2 and
which a shift of signaling toward RhoA results in growth inability to bind RasGAP (Miao et al., 2001). On the other
cone retraction (Gallo et al., 2002; Shamah et al., 2001; hand, activated EphB2 in most cases induces downreg-
Wahl et al., 2000), while prevalence of Rac1 and Cdc42 ulation of MAPK activity since it recruits RasGAP but
activity stimulates neurite extension (Tanaka et al., not Grb2 (Tong et al., 2003). These distinct pathways
2004). Similarly, in nonneuronal cells, increased Rac1 activated by different Eph receptor family members
activation downstream of Eph receptors promotes cell could underlie cell type-specific cellular responses.
spreading and migration (Brantley-Sieders et al., 2004; Regulated Cleavage and Endocytosis
Nagashima et al., 2002), and inhibition of Rac1 de- In view of the possibility that Eph receptor-ephrin com-
creases cell spreading (Batlle et al., 2002; Deroanne et plexes directly mediate adhesion, one mechanism to
al., 2003). maintain adhesive contacts could be through inhibition
Whereas some GEFs and adaptor proteins that regu-
of ephrinA cleavage. Interestingly, a splice variant of
late Rho family GTPases, such as Dishevelled and Nck,
ephrinA1 has been found to strongly inhibit the proteoly-
are widely expressed, others have restricted expression
sis of the cleavable form of ephrinA1 (Finne et al., 2004).that could underlie cell type differences in responses
Another potential way to maintain Eph-ephrin-mediated(Penzes et al., 2003; Shamah et al., 2001; Ogita et al.,
cell-cell contact could be an inhibition of endocytosis, as2003). Furthermore, the specificity of binding of some
illustrated by the adhesive effect of interactions betweenGEFs to EphA versus EphB receptors (Ogita et al., 2003;
truncated forms of EphB and ephrinB proteins that areShamah et al., 2001) could mediate the distinct re-
not endocytosed into the expressing cells (Zimmer et al.,sponses to different Eph receptors that can occur within
2003). It is not known whether Eph-ephrin endocytosis isthe same cells.
modulated, and it will be informative to analyze this inRas/MAPK Pathway
situations in which Eph receptor and/or ephrin activationThe mitogen-activated protein kinase (MAPK) pathway
leads to an increase in cell-cell adhesion. Two scenariosis commonly activated by receptor tyrosine kinases and
can be envisaged. One is that endocytosis is decreased,indeed is viewed as a hallmark of RTK signaling (Pouys-
thus maintaining Eph-ephrin complexes at the cell sur-segur and Lenormand, 2003). This pathway plays a cen-
face that contribute to cell adhesion. Another is thattral role in regulation of key developmental processes,
Eph-ephrin endocytosis occurs as a consequence ofsuch as proliferation, differentiation, and cell survival.
activation and that in the absence of cytoskeletal col-Unlike many other RTKs, Eph receptors can engage
lapse, there is maintenance of cell contact and a steadyboth positive and negative regulators of the MAPK path-
state of Eph-ephrin complex formation and internal-way. In addition, signal transduction via ephrinA proteins
leads to MAPK activation (Davy and Robbins, 2000). ization.
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Overlapping Expression low levels of coexpressed ephrin could promote adhe-
sion within a tissue domain but trigger repulsion in re-The coexpression of ephrinA5 and EphA receptors in
sponse to high levels of ephrin at interfaces. A key issueanterior retinal axons is one factor that contributes to
remains the biochemical mechanisms by which cellstheir decreased repulsion response to ephrinA ligands
respond in different ways to different levels of Eph-compared with posterior axons (Hornberger et al., 1999).
ephrin activation. One potential mechanism is bindingThere are several mechanisms that could underlie this
of signal transduction proteins that is dependent upondecreased repulsion. First, signal transduction through
the extent of clustering of Eph receptors or ephrinsephrinA protein could promote an attraction response
(Stein et al., 1998). It will be very interesting to ascertain(as found for vomeronasal axons; Knoll et al., 2001) that
whether Rho family kinase or MAPK activity is differen-counterbalances repulsion. Second, continual activa-
tially regulated by the degree of Eph-ephrin clustering.tion of EphA4 could have a desensitizing effect, for ex-
Antagonistic and Synergistic Cross Talkample by promoting EphA4 internalization such that less
The guidance of neuronal growth cones involves an inte-receptor is accessible at the cell surface for activation
grated response to multiple attraction and repulsion sig-by ephrinAs encountered in target tissue. Third, it has
nals (Gallo and Letourneau, 2004; Patel and Van Vactor,recently been shown that cis interactions between EphA
2002; Stein and Tessier-Lavigne, 2001; Tessier-Lavignereceptor and ephrinA ligands form nonactive complexes
and Goodman, 1996). This integration can be mediated(Yin et al., 2004). Since cis interactions are favored over
by direct interactions between receptors that enabletrans interactions, they effectively decrease the amount
modulation of each others’ activity and/or by antagonis-of EphA4 available for activation. However, the observa-
tic or synergistic convergence on downstream path-tion that EphA4 phosphorylation occurs at sites of over-
ways. These principles are likely to apply to cell re-lapping expression with ephrinA5 (Connor et al., 1998)
sponses to Eph receptor and ephrin activation.suggests that activation is not fully blocked. The inhibi-
The direct or indirect phosphorylation of other recep-tory effect of ephrinB1 on activation of coexpressed
tors by activated Eph receptors underlies a crossactiva-EphB3 receptors (Bohme et al., 1996) might be explained
tion of signal transduction pathways that may modulateby a similar cis interaction. Finally, coactivation of EphB2
or enable cell responses to other receptors (Trivier andand ephrinB2 within the same cells may lead to an inte-
Ganesan, 2002). An example is the phosphorylation ofgration of downstream signaling that regulates an adhe-
NMDA receptor by EphB2, which serves to increasesion response (Dravis et al., 2004), whereas each alone
the sensitivity of NMDA receptor to glutamate ligandwould trigger repulsion.
(Takasu et al., 2002). In addition, EphB6 receptor, whichClustering and Thresholds
lacks an active kinase domain, can be phosphorylatedSeveral lines of evidence, discussed above in other con-
by EphB1 (Freywald et al., 2002), and this highlights thetexts, suggest that the amount of Eph receptor or ephrin
possibility that other Eph receptor family members mayclustering is an important regulator of an attraction ver-
crossactivate each other.sus repulsion response. First, activation of Eph recep-
The binding and phosphorylation of ephrinB proteinstors by low-density clustered ephrin can promote integ-
by PDGF receptor (Bruckner et al., 1997) and FGF recep-rin-mediated adhesion, whereas high-density clustering
tor (Chong et al., 2000) is a striking example of a potentialleads to decreased attachment to substrate (Huynh-Do
developmental role of crosstalk. Activated FGF receptoret al., 1999). Furthermore, in many experimental con-
antagonizes deadhesion caused by ephrinB overex-texts, the forced high-level expression of Eph receptors
pression (Chong et al., 2000), and recent work has un-or ephrins in vivo invariably leads to repulsion and deadhe-
covered an antagonistic relationship in regulation of thesion. Second, upon interacting with ephrinB2-expressing
movement of cells into the eye field in Xenopus embryoscells, EphB4-expressing cells initially form lamellipodia
(Moore et al., 2004). EphrinB1 is expressed in the eyedue to increased actin polymerization, and this is fol-
field, and the results of loss- and gain-of-function experi-
lowed by endocytosis and cytoskeletal collapse (Mar-
ments show that ephrinB1 is both required and sufficient
ston et al., 2003). This observation can be explained by
for cells to move into the eye field. Conversely, cells
early stages of EphB4 clustering promoting cytoskeletal expressing activated FGFR are inhibited from contribut-
assembly, whereas further clustering promotes disas- ing to the eye field, but coexpression of ephrinB1 can
sembly, perhaps in combination with internalized acti- override this inhibition. These findings suggest that
vated receptor. Finally, the most direct evidence for a ephrinB1 and FGFR have crossinhibitory effects on the
role of the level of activation or clustering comes from control of cell affinity required for cells to be located in
the finding that low amounts of ephrinA promote retinal the eye field. Crossinhibition can occur by antagonism
axon outgrowth, whereas above a threshold amount of a downstream signal transduction pathway, since an
of ephrinA protein, there is an inhibition of outgrowth ephrinB1 mutant that does not interact with FGFR can
(Hansen et al., 2004). rescue the effect of activated FGFR on cell movement.
A threshold mechanism could account for adhesive However, it seems likely that the direct interaction be-
responses in situations where Eph receptor or ephrin tween FGFR and ephrinB1 also contributes to the regu-
expression is below the level required for repulsion, or lation of ephrinB1 activity.
endogenous expression of truncated receptor (Holm- The ERK/MAPK pathway could be one convergence
berg et al., 2000) decreases the level of downstream point of antagonism, since this pathway is activated by
signaling. As well as acting in gradients, it can be envis- many classes of receptor tyrosine kinases, including
aged that threshold-dependent switches could underlie FGF receptors, and is inhibited by EphA receptors,
cell behavior within and between tissue domains, for EphB2, EphB4, and ephrinB1 (Elowe et al., 2001; Kim
et al., 2002; Miao et al., 2001). Furthermore, inhibitionexample in the vasculature. Eph receptor activation by
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of the MAPK pathway by EphB2 has been shown to be to elucidate whether these diverse effects are specific
required for cytoskeletal collapse of neuronal growth to different Eph receptors or ephrins or are dependent
cones in response to EphB2 activation (Elowe et al., upon other factors. The observation that L1 is phosphor-
2001). Similarly, inhibition of MAPK by EphB2 and EphB4 ylated by EphB2 (Zisch et al., 1997) is suggestive of
activation may antagonize the stimulation of cell migra- crossmodulation in both directions, but the functional
tion and proliferation of endothelial cells by VEGF and significance of this is currently unknown.
angiopoietin (Kim et al., 2002). The inhibition of MAPK
by Eph receptors can serve developmental functions in Concluding Perspectives
addition to control of cell migration. In C. elegans, mei- A number of general themes are emerging from studies
otic arrest in oocytes is relieved by the binding of MSP of the developmental roles of Eph receptors and ephrins.
(major sperm protein), thus ensuring that oocyte matura- These molecules regulate repulsion or attraction at
tion only occurs when sperm are available to fertilize boundaries or in gradients to restrict or guide cell move-
them. Remarkably, it was found that Vab-1, the C. ele- ment, and in some situations, switching between these
gans Eph receptor, is responsible for mediating meiotic distinct responses has a key role in the spatial control
arrest by inhibiting the MAPK pathway and that MSP of cell migration. It will be important to study whether
binds to and blocks Vab-1 activation (Miller et al., 2003). Eph receptors and ephrins could regulate the dynamic
The antagonism of several other receptors does not adhesion and deadhesion of cells required for cell move-
involve the MAPK pathway but rather a number of dis- ment. A key issue is to elucidate the biochemical basis
tinct mechanisms. The induction of branching morpho- of how thresholds of clustering, crosstalk between re-
genesis in MDCK cells by hepatocyte growth factor is ceptors, and other mechanisms regulate repulsion ver-
antagonized by EphA receptor activation via the inhibi- sus adhesion responses.
tion of Rac and PAK activation (Miao et al., 2003). An- A crucial issue for understanding how Eph receptors
other example is the ephrinB1-mediated inhibition of the and ephrins regulate cell movement and tissue organiza-
chemotactic response of cerebellar granule cells to the tion is their relationship with homophilic cell adhesion
chemokine SDF-1 (Lu et al., 2001). This antagonism is molecules. Eph receptors, ephrins, and cell adhesion
mediated by PDZ-RGS3 that binds to the PDZ interac- molecules may act in parallel and have crossregulatory
tion domain of ephrinB1 and acts to inhibit G protein- interactions that regulate differences in cell affinity.
mediated signaling downstream of the SDF-1 receptor. These may therefore cooperate to form and stabilize
In T cells, SDF-1-stimulated chemotaxis is antagonized patterns of cell organization via the competition of cells
by EphA receptor activation via the inhibition of Cdc42 to maximize contacts with cells with the same affinity,
and activation of Rho (Sharfe et al., 2002). Finally, EphB as proposed for homophilic adhesion (Steinberg, 1970).
receptor activation in T cells appears to have diverse The roles of Eph receptors and ephrins in topographic
effects on signaling downstream of T cell receptor, in mapping, and the movement of differentiating gut epi-
which they can synergistically activate MAPK and in- thelial cells, provide striking examples in which competi-
crease cell proliferation (Luo et al., 2002; Yu et al., tion and matching of graded cell affinities may regulate
2003b), whereas EphB6 inhibits the activation of Rac
cell movement. It seems likely that this principle applies
and JNK (Freywald et al., 2003).
widely in tissue organization.
Modulation by Cell Adhesion Receptors
Previous work has shown that distinct responses to Acknowledgments
guidance molecules can be modulated by signaling
through cell adhesion molecules (Song and Poo, 1999). We thank Qiling Xu, Dalit Sela-Donenfeld, Laura Andreae, and Se-
bastian Gerety for helpful comments on this review.For example, the presence of laminin switches retinal
axons from an attraction to a repulsion response to
Referencesnetrin (Hopker et al., 1999), and L1 switches cortical
axons from a repulsion to an attraction response to
Adams, R.H., Wilkinson, G.A., Weiss, C., Diella, F., Gale, N.W.,Sema3A (Castellani et al., 2000). Recent work has shown
Deutsch, U., Risau, W., and Klein, R. (1999). Roles of ephrinB ligands
that adhesion receptors can also modulate responses to and EphB receptors in cardiovascular development: demarcation
Eph/ephrin signaling. Whereas EphA receptor activation of arterial/venous domains, vascular morphogenesis, and sprouting
by ephrinA5 triggers a repulsion response of retinal ax- angiogenesis. Genes Dev. 13, 295–306.
ons plated on fibronectin, in the presence of laminin this Adams, R.H., Diella, F., Hennig, S., Helmbacher, F., Deutsch, U.,
switches to an attraction response (Weinl et al., 2003). and Klein, R. (2001). The cytoplasmic domain of the ligand ephrinB2
is required for vascular morphogenesis but not cranial neural crestHowever, retinal axons are repelled upon activation of
migration. Cell 104, 57–69.ephrinB by EphB proteins in the presence of laminin,
Aoki, M., Yamashita, T., and Tohyama, M. (2004). EphA receptorswhereas L1 substrate blocks this repulsion response
direct the differentiation of mammalian neural precursor cells(Suh et al., 2004). Intriguingly, upon plating of retinal
through a MAPK-dependent pathway. J. Biol. Chem. 279, 32643–axons on a combination of L1 and laminin, ephrinB acti-
32650.vation leads to pauses in the migration of growth cones
Baird, S.E., Fitch, D.H., Kassem, I.A., and Emmons, S.W. (1991).without collapse of the actin cytoskeleton (Suh et al.,
Pattern formation in the nematode epidermis: determination of the2004). On the other hand, inactivation of L1 leads to
arrangement of peripheral sense organs in the C. elegans male tail.
overshooting of retinal axons into the posterior SC Development 113, 515–526.
(Demyanenko and Maness, 2003), suggestive of a role Barrios, A., Poole, R.J., Durbin, L., Brennan, C., Holder, N., and
of L1 in promoting repulsion or inhibition of branch for- Wilson, S.W. (2003). Eph/Ephrin signaling regulates the mesenchy-
mation by EphA receptor activation. Thus, L1 may inhibit mal-to-epithelial transition of the paraxial mesoderm during somite
morphogenesis. Curr. Biol. 13, 1571–1582.or promote repulsion responses, and it will be important
Developmental Cell
476
Batlle, E., Henderson, J.T., Beghtel, H., van den Born, M.M., Sancho, Connor, R.J., Menzel, P., and Pasquale, E.B. (1998). Expression
and tyrosine phosphorylation of Eph receptors suggest multipleE., Huls, G., Meeldijk, J., Robertson, J., van de Wetering, M., Pawson,
T., and Clevers, H. (2002). Beta-catenin and TCF mediate cell posi- mechanisms in patterning of the visual system. Dev. Biol. 193, 21–35.
tioning in the intestinal epithelium by controlling the expression of Cowan, C.A., and Henkemeyer, M. (2001). The SH2/SH3 adaptor
EphB/ephrinB. Cell 111, 251–263. Grb4 transduces B-ephrin reverse signals. Nature 413, 174–179.
Berclaz, G., Andres, A.C., Albrecht, D., Dreher, E., Ziemiecki, A., Cowan, C.A., and Henkemeyer, M. (2002). Ephrins in reverse, park
Gusterson, B.A., and Crompton, M.R. (1996). Expression of the re- and drive. Trends Cell Biol. 12, 339–346.
ceptor protein tyrosine kinase myk-1/htk in normal and malignant
Cowan, C.A., Yokoyama, N., Saxena, A., Chumley, M.J., Silvany,
mammary epithelium. Biochem. Biophys. Res. Commun. 226,
R.E., Baker, L.A., Srivastava, D., and Henkemeyer, M. (2004). Ephrin-
869–875.
B2 reverse signaling is required for axon pathfinding and cardiac
Berclaz, G., Flutsch, B., Altermatt, H.J., Rohrbach, V., Djonov, V., valve formation but not early vascular development. Dev. Biol.
Ziemiecki, A., Dreher, E., and Andres, A.C. (2002). Loss of EphB4 271, 263–271.
receptor tyrosine kinase protein expression during carcinogenesis
Cutforth, T., Moring, L., Mendelsohn, M., Nemes, A., Shah, N.M.,
of the human breast. Oncol. Rep. 9, 985–989.
Kim, M.M., Frisen, J., and Axel, R. (2003). Axonal ephrin-As and
Bohme, B., VandenBos, T., Cerretti, D.P., Park, L.S., Holtrich, U., odorant receptors: coordinate determination of the olfactory sen-
Rubsamen-Waigmann, H., and Strebhardt, K. (1996). Cell-cell adhe- sory map. Cell 114, 311–322.
sion mediated by binding of membrane-anchored ligand LERK-2
Daniel, T.O., Stein, E., Cerretti, D.P., St John, P.L., Robert, B., and
to the EPH-related receptor human embryonal kinase 2 promotes
Abrahamson, D.R. (1996). ELK and LERK-2 in developing kidney and
tyrosine kinase activity. J. Biol. Chem. 271, 24747–24752.
microvascular endothelial assembly. Kidney Int. Suppl. 57, S73–S81.
Bossing, T., and Brand, A.H. (2002). Dephrin, a transmembrane
Davis, S., Gale, N.W., Aldrich, T.H., Maisonpierre, P.C., Lhotak, V.,
ephrin with a unique structure, prevents interneuronal axons from
Pawson, T., Goldfarb, M., and Yancopoulos, G.D. (1994). Ligands
exiting the Drosophila embryonic CNS. Development 129, 4205–
for EPH-related receptor tyrosine kinases that require membrane
4218.
attachment or clustering for activity. Science 266, 816–819.
Braisted, J.E., McLaughlin, T., Wang, H.U., Friedman, G.C., Ander-
Davy, A., and Robbins, S.M. (2000). Ephrin-A5 modulates cell adhe-
son, D.J., and O’Leary, D.D. (1997). Graded and lamina-specific
sion and morphology in an integrin-dependent manner. EMBO J.
distributions of ligands of EphB receptor tyrosine kinases in the
19, 5396–5405.
developing retinotectal system. Dev. Biol. 191, 14–28.
Davy, A., Aubin, J., and Soriano, P. (2004). Ephrin-B1 forward and
Brantley-Sieders, D.M., Caughron, J., Hicks, D., Pozzi, A., Ruiz, J.C.,
reverse signaling are required during mouse development. Genes
and Chen, J. (2004). EphA2 receptor tyrosine kinase regulates endo-
Dev. 18, 572–583.
thelial cell migration and vascular assembly through phosphoinosi-
Dearborn, R., Jr., He, Q., Kunes, S., and Dai, Y. (2002). Eph receptortide 3-kinase-mediated Rac1 GTPase activation. J. Cell Sci. 117,
tyrosine kinase-mediated formation of a topographic map in the2037–2049.
Drosophila visual system. J. Neurosci. 22, 1338–1349.
Brown, A., Yates, P.A., Burrola, P., Ortuno, D., Vaidya, A., Jessell,
Demyanenko, G.P., and Maness, P.F. (2003). The L1 cell adhesionT.M., Pfaff, S.L., O’Leary, D.D., and Lemke, G. (2000). Topographic
molecule is essential for topographic mapping of retinal axons. J.mapping from the retina to the midbrain is controlled by relative but
Neurosci. 23, 530–538.not absolute levels of EphA receptor signaling. Cell 102, 77–88.
Deroanne, C., Vouret-Craviari, V., Wang, B., and Pouyssegur, J.Bruckner, K., Pasquale, E.B., and Klein, R. (1997). Tyrosine phos-
(2003). EphrinA1 inactivates integrin-mediated vascular smoothphorylation of transmembrane ligands for Eph receptors. Science
muscle cell spreading via the Rac/PAK pathway. J. Cell Sci. 116,275, 1640–1643.
1367–1376.
Bruckner, K., Pablo Labrador, J., Scheiffele, P., Herb, A., Seeburg,
Dravis, C., Yokoyama, N., Chumley, M.J., Cowan, C.A., Silvany, R.E.,P.H., and Klein, R. (1999). EphrinB ligands recruit GRIP family PDZ
Shay, J., Baker, L.A., and Henkemeyer, M. (2004). Bidirectional sig-adaptor proteins into raft membrane microdomains. Neuron 22,
naling mediated by ephrin-B2 and EphB2 controls urorectal devel-511–524.
opment. Dev. Biol. 271, 272–290.
Castellani, V., Chedotal, A., Schachner, M., Faivre-Sarrailh, C., and
Drescher, U., Bonhoeffer, F., and Muller, B.K. (1997). The Eph familyRougon, G. (2000). Analysis of the L1-deficient mouse phenotype
in retinal axon guidance. Curr. Opin. Neurobiol. 7, 75–80.reveals cross-talk between Sema3A and L1 signaling pathways in
axonal guidance. Neuron 27, 237–249. Durbin, L., Brennan, C., Shiomi, K., Cooke, J., Barrios, A., Shanmu-
galingam, S., Guthrie, B., Lindberg, R., and Holder, N. (1998). EphCheng, N., Brantley, D.M., Liu, H., Lin, Q., Enriquez, M., Gale, N.,
signaling is required for segmentation and differentiation of the so-Yancopoulos, G., Cerretti, D.P., Daniel, T.O., and Chen, J. (2002).
mites. Genes Dev. 12, 3096–3109.Blockade of EphA receptor tyrosine kinase activation inhibits vascu-
lar endothelial cell growth factor-induced angiogenesis. Mol. Cancer Dustin, M.L., Bromley, S.K., Davis, M.M., and Zhu, C. (2001). Identifi-
cation of self through two-dimensional chemistry and synapses.Res. 1, 2–11.
Annu. Rev. Cell Dev. Biol. 17, 133–157.Chin-Sang, I.D., George, S.E., Ding, M., Moseley, S.L., Lynch, A.S.,
and Chisholm, A.D. (1999). The ephrin VAB-2/EFN-1 functions in Easty, D.J., Guthrie, B.A., Maung, K., Farr, C.J., Lindberg, R.A., Toso,
R.J., Herlyn, M., and Bennett, D.C. (1995). Protein B61 as a newneuronal signaling to regulate epidermal morphogenesis in C. ele-
gans. Cell 99, 781–790. growth factor: expression of B61 and up-regulation of its receptor
epithelial cell kinase during melanoma progression. Cancer Res.Chin-Sang, I.D., Moseley, S.L., Ding, M., Harrington, R.J., George,
55, 2528–2532.S.E., and Chisholm, A.D. (2002). The divergent C. elegans ephrin
EFN-4 functions in embryonic morphogenesis in a pathway indepen- Eberhart, J., Swartz, M.E., Koblar, S.A., Pasquale, E.B., and Krull,
C.E. (2002). EphA4 constitutes a population-specific guidance cuedent of the VAB-1 Eph receptor. Development 129, 5499–5510.
for motor neurons. Dev. Biol. 247, 89–101.Chong, L.D., Park, E.K., Latimer, E., Friesel, R., and Daar, I.O. (2000).
Fibroblast growth factor receptor-mediated rescue of x-ephrin B1- Eberhart, J., Barr, J., O’Connell, S., Flagg, A., Swartz, M.E., Cramer,
K.S., Tosney, K.W., Pasquale, E.B., and Krull, C.E. (2004). Ephrin-induced cell dissociation in Xenopus embryos. Mol. Cell. Biol. 20,
724–734. A5 exerts positive or inhibitory effects on distinct subsets of EphA4-
positive motor neurons. J. Neurosci. 24, 1070–1078.Chow, K.L., and Emmons, S.W. (1994). HOM-C/Hox genes and four
interacting loci determine the morphogenetic properties of single Elowe, S., Holland, S.J., Kulkarni, S., and Pawson, T. (2001). Down-
regulation of the Ras-mitogen-activated protein kinase pathway bycells in the nematode male tail. Development 120, 2579–2592.
the EphB2 receptor tyrosine kinase is required for ephrin-inducedCompagni, A., Logan, M., Klein, R., and Adams, R.H. (2003). Control
neurite retraction. Mol. Cell. Biol. 21, 7429–7441.of skeletal patterning by ephrinB1-EphB interactions. Dev. Cell 5,
217–230. Feldheim, D.A., Kim, Y.I., Bergemann, A.D., Frisen, J., Barbacid, M.,
Review
477
and Flanagan, J.G. (2000). Genetic analysis of ephrin-A2 and ephrin- response to ephrin-as shows a graded, concentration-dependent
transition from growth promotion to inhibition. Neuron 42, 717–730.A5 shows their requirement in multiple aspects of retinocollicular
mapping. Neuron 25, 563–574. Hattori, M., Osterfield, M., and Flanagan, J.G. (2000). Regulated
cleavage of a contact-mediated axon repellent. Science 289, 1360–Feldheim, D.A., Nakamoto, M., Osterfield, M., Gale, N.W., DeChiara,
1365.T.M., Rohatgi, R., Yancopoulos, G.D., and Flanagan, J.G. (2004).
Loss-of-function analysis of EphA receptors in retinotectal mapping. Helbling, P.M., Saulnier, D.M., and Brandli, A.W. (2000). The receptor
J. Neurosci. 24, 2542–2550. tyrosine kinase EphB4 and ephrin-B ligands restrict angiogenic
growth of embryonic veins in Xenopus laevis. Development 127,Finne, E.F., Munthe, E., and Aasheim, H.C. (2004). A new ephrin-
269–278.A1 isoform (ephrin-A1b) with altered receptor binding properties
abrogates the cleavage of ephrin-A1a. Biochem. J. 379, 39–46. Helmbacher, F., Schneider-Maunoury, S., Topilko, P., Tiret, L., and
Charnay, P. (2000). Targeting of the EphA4 tyrosine kinase receptorFlanagan, J.G., and Vanderhaeghen, P. (1998). The ephrins and Eph
affects dorsal/ventral pathfinding of limb motor axons. Developmentreceptors in neural development. Annu. Rev. Neurosci. 21, 309–345.
127, 3313–3324.
Fournier, A.E., Nakamura, F., Kawamoto, S., Goshima, Y., Kalb, R.G.,
Heyman, I., Kent, A., and Lumsden, A. (1993). Cellular morphologyand Strittmatter, S.M. (2000). Semaphorin3A enhances endocytosis
and extracellular space at rhombomere boundaries in the chickat sites of receptor-F-actin colocalization during growth cone col-
embryo hindbrain. Dev. Dyn. 198, 241–253.lapse. J. Cell Biol. 149, 411–422.
Himanen, J.P., and Nikolov, D.B. (2003). Eph signaling: a structuralFreywald, A., Sharfe, N., and Roifman, C.M. (2002). The kinase-null
view. Trends Neurosci. 26, 46–51.EphB6 receptor undergoes transphosphorylation in a complex with
Himanen, J.P., Rajashankar, K.R., Lackmann, M., Cowan, C.A., Hen-EphB1. J. Biol. Chem. 277, 3823–3828.
kemeyer, M., and Nikolov, D.B. (2001). Crystal structure of an EphFreywald, A., Sharfe, N., Rashotte, C., Grunberger, T., and Roifman,
receptor-ephrin complex. Nature 414, 933–938.C.M. (2003). The EphB6 receptor inhibits JNK activation in T lympho-
Himanen, J.P., Chumley, M.J., Lackmann, M., Li, C., Barton, W.A.,cytes and modulates T cell receptor-mediated responses. J. Biol.
Jeffrey, P.D., Vearing, C., Geleick, D., Feldheim, D.A., Boyd, A.W.,Chem. 278, 10150–10156.
et al. (2004). Repelling class discrimination: ephrin-A5 binds to andFuller, T., Korff, T., Kilian, A., Dandekar, G., and Augustin, H.G.
activates EphB2 receptor signaling. Nat. Neurosci. 7, 501–509.(2003). Forward EphB4 signaling in endothelial cells controls cellular
Hindges, R., McLaughlin, T., Genoud, N., Henkemeyer, M., andrepulsion and segregation from ephrinB2 positive cells. J. Cell Sci.
O’Leary, D.D. (2002). EphB forward signaling controls directional116, 2461–2470.
branch extension and arborization required for dorsal-ventral retino-
Gale, N.W., Flenniken, A., Compton, D.C., Jenkins, N., Copeland,
topic mapping. Neuron 35, 475–487.
N.G., Gilbert, D.J., Davis, S., Wilkinson, D.G., and Yancopoulos, G.D.
Hirai, H., Maru, Y., Hagiwara, K., Nishida, J., and Takaku, F. (1987).(1996a). Elk-L3, a novel transmembrane ligand for the Eph family of
A novel putative tyrosine kinase receptor encoded by the eph gene.receptor tyrosine kinases, expressed in embryonic floor plate, roof
Science 238, 1717–1720.plate and hindbrain segments. Oncogene 13, 1343–1352.
Holder, N., and Klein, R. (1999). Eph receptors and ephrins: effectorsGale, N.W., Holland, S.J., Valenzuela, D.M., Flenniken, A., Pan, L.,
of morphogenesis. Development 126, 2033–2044.Ryan, T.E., Henkemeyer, M., Strebhardt, K., Hirai, H., Wilkinson,
Holland, S.J., Gale, N.W., Mbamalu, G., Yancopoulos, G.D., Henke-D.G., et al. (1996b). Eph receptors and ligands comprise two major
meyer, M., and Pawson, T. (1996). Bidirectional signalling throughspecificity subclasses and are reciprocally compartmentalized dur-
the EPH-family receptor Nuk and its transmembrane ligands. Natureing embryogenesis. Neuron 17, 9–19.
383, 722–725.Gale, N.W., Baluk, P., Pan, L., Kwan, M., Holash, J., DeChiara, T.M.,
Holland, S.J., Gale, N.W., Gish, G.D., Roth, R.A., Songyang, Z., Cant-McDonald, D.M., and Yancopoulos, G.D. (2001). Ephrin-B2 selec-
ley, L.C., Henkemeyer, M., Yancopoulos, G.D., and Pawson, T.tively marks arterial vessels and neovascularization sites in the adult,
(1997). Juxtamembrane tyrosine residues couple the Eph family re-with expression in both endothelial and smooth-muscle cells. Dev.
ceptor EphB2/Nuk to specific SH2 domain proteins in neuronal cells.Biol. 230, 151–160.
EMBO J. 16, 3877–3888.
Gallo, G., and Letourneau, P.C. (2004). Regulation of growth cone
Holmberg, J., Clarke, D.L., and Frisen, J. (2000). Regulation of repul-actin filaments by guidance cues. J. Neurobiol. 58, 92–102.
sion versus adhesion by different splice forms of an Eph receptor.
Gallo, G., Yee, H.F., Jr., and Letourneau, P.C. (2002). Actin turnover
Nature 408, 203–206.
is required to prevent axon retraction driven by endogenous actomy-
Hopker, V.H., Shewan, D., Tessier-Lavigne, M., Poo, M., and Holt,osin contractility. J. Cell Biol. 158, 1219–1228.
C. (1999). Growth-cone attraction to netrin-1 is converted to repul-
Gauthier, L.R., and Robbins, S.M. (2003). Ephrin signaling: one raft sion by laminin-1. Nature 401, 69–73.
to rule them all? One raft to sort them? One raft to spread their call
Hornberger, M.R., Dutting, D., Ciossek, T., Yamada, T., Handwerker,and in signaling bind them? Life Sci. 74, 207–216.
C., Lang, S., Weth, F., Huf, J., Wessel, R., Logan, C., et al. (1999).
George, S.E., Simokat, K., Hardin, J., and Chisholm, A.D. (1998). The Modulation of EphA receptor function by coexpressed ephrinA li-
VAB-1 Eph receptor tyrosine kinase functions in neural and epithelial gands on retinal ganglion cell axons. Neuron 22, 731–742.
morphogenesis in C. elegans. Cell 92, 633–643.
Huynh-Do, U., Stein, E., Lane, A.A., Liu, H., Cerretti, D.P., and Daniel,
Gerety, S.S., and Anderson, D.J. (2002). Cardiovascular ephrinB2 T.O. (1999). Surface densities of ephrin-B1 determine EphB1-cou-
function is essential for embryonic angiogenesis. Development pled activation of cell attachment through alphavbeta3 and alpha5-
129, 1397–1410. beta1 integrins. EMBO J. 18, 2165–2173.
Gerety, S.S., Wang, H.U., Chen, Z.F., and Anderson, D.J. (1999). Huynh-Do, U., Vindis, C., Liu, H., Cerretti, D.P., McGrew, J.T., Enri-
Symmetrical mutant phenotypes of the receptor EphB4 and its spe- quez, M., Chen, J., and Daniel, T.O. (2002). Ephrin-B1 transduces
cific transmembrane ligand ephrin-B2 in cardiovascular develop- signals to activate integrin-mediated migration, attachment and an-
ment. Mol. Cell 4, 403–414. giogenesis. J. Cell Sci. 115, 3073–3081.
Hall, A., and Nobes, C.D. (2000). Rho GTPases: molecular switches Ikegami, R., Zheng, H., Ong, S.H., and Culotti, J. (2004). Integra-
that control the organization and dynamics of the actin cytoskeleton. tion of semaphorin-2A/MAB-20, ephrin-4, and UNC-129 TGF-beta
Philos. Trans. R. Soc. Lond. B Biol. Sci. 355, 965–970. signaling pathways regulates sorting of distinct sensory rays in
C. elegans. Dev. Cell 6, 383–395.Hamada, K., Oike, Y., Ito, Y., Maekawa, H., Miyata, K., Shimomura,
T., and Suda, T. (2003). Distinct roles of ephrin-B2 forward and Irie, F., and Yamaguchi, Y. (2002). EphB receptors regulate dendritic
EphB4 reverse signaling in endothelial cells. Arterioscler. Thromb. spine development via intersectin, Cdc42 and N-WASP. Nat. Neu-
Vasc. Biol. 23, 190–197. rosci. 5, 1117–1118.
Jurney, W.M., Gallo, G., Letourneau, P.C., and McLoon, S.C. (2002).Hansen, M.J., Dallal, G.E., and Flanagan, J.G. (2004). Retinal axon
Developmental Cell
478
Rac1-mediated endocytosis during ephrin-A2- and semaphorin 3A- in regulating endocytosis of receptor tyrosine kinases. Oncogene
23, 2057–2070.induced growth cone collapse. J. Neurosci. 22, 6019–6028.
Marston, D.J., Dickinson, S., and Nobes, C.D. (2003). Rac-dependentKim, I., Ryu, Y.S., Kwak, H.J., Ahn, S.Y., Oh, J.L., Yancopoulos, G.D.,
trans-endocytosis of ephrinBs regulates Eph-ephrin contact repul-Gale, N.W., and Koh, G.Y. (2002). EphB ligand, ephrinB2, suppresses
sion. Nat. Cell Biol. 5, 879–888.the VEGF- and angiopoietin 1-induced Ras/mitogen-activated pro-
tein kinase pathway in venous endothelial cells. FASEB J. 16, 1126– McLaughlin, T., Hindges, R., Yates, P.A., and O’Leary, D.D. (2003).
1128. Bifunctional action of ephrin-B1 as a repellent and attractant to
control bidirectional branch extension in dorsal-ventral retinotopicKiyokawa, E., Takai, S., Tanaka, M., Iwase, T., Suzuki, M., Xiang,
mapping. Development 130, 2407–2418.Y.Y., Naito, Y., Yamada, K., Sugimura, H., and Kino, I. (1994). Overex-
pression of ERK, an EPH family receptor protein tyrosine kinase, in Mellitzer, G., Xu, Q., and Wilkinson, D.G. (1999). Eph receptors and
various human tumors. Cancer Res. 54, 3645–3650. ephrins restrict cell intermingling and communication. Nature 400,
77–81.Knoll, B., Zarbalis, K., Wurst, W., and Drescher, U. (2001). A role for
the EphA family in the topographic targeting of vomeronasal axons. Miao, H., Burnett, E., Kinch, M., Simon, E., and Wang, B. (2000).
Development 128, 895–906. Activation of EphA2 kinase suppresses integrin function and causes
focal-adhesion-kinase dephosphorylation. Nat. Cell Biol. 2, 62–69.Krull, C.E., Lansford, R., Gale, N.W., Collazo, A., Marcelle, C., Yanco-
poulos, G.D., Fraser, S.E., and Bronner-Fraser, M. (1997). Interac- Miao, H., Wei, B.R., Peehl, D.M., Li, Q., Alexandrou, T., Schelling,
tions of Eph-related receptors and ligands confer rostrocaudal pat- J.R., Rhim, J.S., Sedor, J.R., Burnett, E., and Wang, B. (2001). Activa-
tern to trunk neural crest migration. Curr. Biol. 7, 571–580. tion of EphA receptor tyrosine kinase inhibits the Ras/MAPK path-
way. Nat. Cell Biol. 3, 527–530.Kullander, K., and Klein, R. (2002). Mechanisms and functions of
Eph and ephrin signalling. Nat. Rev. Mol. Cell Biol. 3, 475–486. Miao, H., Nickel, C.H., Cantley, L.G., Bruggeman, L.A., Bennardo,
L.N., and Wang, B. (2003). EphA kinase activation regulates HGF-Kullander, K., Croll, S.D., Zimmer, M., Pan, L., McClain, J., Hughes,
induced epithelial branching morphogenesis. J. Cell Biol. 162, 1281–V., Zabski, S., DeChiara, T.M., Klein, R., Yancopoulos, G.D., and
1292.Gale, N.W. (2001). Ephrin-B3 is the midline barrier that prevents
Miller, M.A., Ruest, P.J., Kosinski, M., Hanks, S.K., and Greenstein,corticospinal tract axons from recrossing, allowing for unilateral
D. (2003). An Eph receptor sperm-sensing control mechanism formotor control. Genes Dev. 15, 877–888.
oocyte meiotic maturation in Caenorhabditis elegans. Genes Dev.Lackmann, M., Mann, R.J., Kravets, L., Smith, F.M., Bucci, T.A.,
17, 187–200.Maxwell, K.F., Howlett, G.J., Olsson, J.E., Vanden Bos, T., Cerretti,
Miyazaki, T., Kato, H., Fukuchi, M., Nakajima, M., and Kuwano, H.D.P., and Boyd, A.W. (1997). Ligand for EPH-related kinase (LERK)
(2003). EphA2 overexpression correlates with poor prognosis in7 is the preferred high affinity ligand for the HEK receptor. J. Biol.
esophageal squamous cell carcinoma. Int. J. Cancer 103, 657–663.Chem. 272, 16521–16530.
Moore, K.B., Mood, K., Daar, I.O., and Moody, S.A. (2004). Morpho-Lackmann, M., Oates, A.C., Dottori, M., Smith, F.M., Do, C., Power,
genetic movements underlying eye field formation require interac-M., Kravets, L., and Boyd, A.W. (1998). Distinct subdomains of the
tions between the FGF and ephrinB1 signaling pathways. Dev. CellEphA3 receptor mediate ligand binding and receptor dimerization.
6, 55–67.J. Biol. Chem. 273, 20228–20237.
Murai, K.K., and Pasquale, E.B. (2003). ‘Eph’ective signaling: for-Lai, K.O., Chen, Y., Po, H.M., Lok, K.C., Gong, K., and Ip, N.Y. (2004).
ward, reverse and crosstalk. J. Cell Sci. 116, 2823–2832.Identification of the Jak/Stat proteins as novel downstream targets
of EphA4 signaling in muscle: implications in the regulation of acetyl- Nagashima, K., Endo, A., Ogita, H., Kawana, A., Yamagishi, A., Kita-
cholinesterase expression. J. Biol. Chem. 279, 13383–13392. batake, A., Matsuda, M., and Mochizuki, N. (2002). Adaptor protein
Crk is required for Ephrin-B1-induced membrane ruffling and focalLawrenson, I.D., Wimmer-Kleikamp, S.H., Lock, P., Schoenwaelder,
complex assembly of human aortic endothelial cells. Mol. Biol. CellS.M., Down, M., Boyd, A.W., Alewood, P.F., and Lackmann, M.
13, 4231–4242.(2002). Ephrin-A5 induces rounding, blebbing and de-adhesion of
Nakada, M., Niska, J.A., Miyamori, H., McDonough, W.S., Wu, J.,EphA3-expressing 293T and melanoma cells by CrkII and Rho-medi-
Sato, H., and Berens, M.E. (2004). The phosphorylation of EphB2ated signalling. J. Cell Sci. 115, 1059–1072.
receptor regulates migration and invasion of human glioma cells.Lin, D., Gish, G.D., Songyang, Z., and Pawson, T. (1999). The car-
Cancer Res. 64, 3179–3185.boxyl terminus of B class ephrins constitutes a PDZ domain binding
Noren, N.K., and Pasquale, E.B. (2004). Eph receptor-ephrin bidirec-motif. J. Biol. Chem. 274, 3726–3733.
tional signals that target Ras and Rho proteins. Cell. Signal. 16,Liu, W., Ahmad, S.A., Jung, Y.D., Reinmuth, N., Fan, F., Bucana,
655–666.C.D., and Ellis, L.M. (2002). Coexpression of ephrin-Bs and their
Ogita, H., Kunimoto, S., Kamioka, Y., Sawa, H., Masuda, M., andreceptors in colon carcinoma. Cancer 94, 934–939.
Mochizuki, N. (2003). EphA4-mediated Rho activation via Vsm-Rho-Lu, Q., Sun, E.E., Klein, R.S., and Flanagan, J.G. (2001). Ephrin-B
GEF expressed specifically in vascular smooth muscle cells. Circ.reverse signaling is mediated by a novel PDZ-RGS protein and selec-
Res. 93, 23–31.tively inhibits G protein-coupled chemoattraction. Cell 105, 69–79.
Oike, Y., Ito, Y., Hamada, K., Zhang, X.Q., Miyata, K., Arai, F., Inada,
Luo, H., Yu, G., Wu, Y., and Wu, J. (2002). EphB6 crosslinking results
T., Araki, K., Nakagata, N., Takeya, M., et al. (2002). Regulation
in costimulation of T cells. J. Clin. Invest. 110, 1141–1150.
of vasculogenesis and angiogenesis by EphB/ephrin-B2 signaling
Maekawa, H., Oike, Y., Kanda, S., Ito, Y., Yamada, Y., Kurihara, between endothelial cells and surrounding mesenchymal cells.
H., Nagai, R., and Suda, T. (2003). Ephrin-B2 induces migration of Blood 100, 1326–1333.
endothelial cells through the phosphatidylinositol-3 kinase pathway O’Leary, D.D., and Wilkinson, D.G. (1999). Eph receptors and ephrins
and promotes angiogenesis in adult vasculature. Arterioscler. in neural development. Curr. Opin. Neurobiol. 9, 65–73.
Thromb. Vasc. Biol. 23, 2008–2014.
Palmer, A., Zimmer, M., Erdmann, K.S., Eulenburg, V., Porthin, A.,
Malliri, A., and Collard, J.G. (2003). Role of Rho-family proteins in Heumann, R., Deutsch, U., and Klein, R. (2002). EphrinB phosphory-
cell adhesion and cancer. Curr. Opin. Cell Biol. 15, 583–589. lation and reverse signaling: regulation by Src kinases and PTP-BL
Mann, F., Ray, S., Harris, W., and Holt, C. (2002). Topographic map- phosphatase. Mol. Cell 9, 725–737.
ping in dorsoventral axis of the Xenopus retinotectal system de- Patel, B.N., and Van Vactor, D.L. (2002). Axon guidance: the cyto-
pends on signaling through ephrin-B ligands. Neuron 35, 461–473. plasmic tail. Curr. Opin. Cell Biol. 14, 221–229.
Mann, F., Miranda, E., Weinl, C., Harmer, E., and Holt, C.E. (2003). Penzes, P., Beeser, A., Chernoff, J., Schiller, M.R., Eipper, B.A.,
B-type Eph receptors and ephrins induce growth cone collapse Mains, R.E., and Huganir, R.L. (2003). Rapid induction of dendritic
through distinct intracellular pathways. J. Neurobiol. 57, 323–336. spine morphogenesis by trans-synaptic EphrinB-EphB receptor ac-
tivation of the Rho-GEF Kalirin. Neuron 37, 263–274.Marmor, M.D., and Yarden, Y. (2004). Role of protein ubiquitylation
Review
479
Pouyssegur, J., and Lenormand, P. (2003). Fidelity and spatio-tem- Steinberg, M.S. (1970). Does differential adhesion govern self-
assembly processes in histogenesis? Equilibrium configurationsporal control in MAP kinase (ERKs) signalling. Eur. J. Biochem.
270, 3291–3299. and the emergence of a hierarchy among populations of embryonic
cells. J. Exp. Zool. 173, 395–433.Pratt, R.L., and Kinch, M.S. (2002). Activation of the EphA2 tyrosine
Steinberg, M.S., and Takeichi, M. (1994). Experimental specificationkinase stimulates the MAP/ERK kinase signaling cascade. Onco-
of cell sorting, tissue spreading, and specific spatial patterning bygene 21, 7690–7699.
quantitative differences in cadherin expression. Proc. Natl. Acad.Prevost, N., Woulfe, D., Tanaka, T., and Brass, L.F. (2002). Interac-
Sci. USA 91, 206–209.tions between Eph kinases and ephrins provide a mechanism to
Steinle, J.J., Meininger, C.J., Forough, R., Wu, G., Wu, M.H., andsupport platelet aggregation once cell-to-cell contact has occurred.
Granger, H.J. (2002). Eph B4 receptor signaling mediates endothelialProc. Natl. Acad. Sci. USA 99, 9219–9224.
cell migration and proliferation via the phosphatidylinositol 3-kinasePrevost, N., Woulfe, D.S., Tognolini, M., Tanaka, T., Jian, W., Fortna,
pathway. J. Biol. Chem. 277, 43830–43835.R.R., Jiang, H., and Brass, L.F. (2004). Signaling by ephrinB1 and
Steinle, J.J., Meininger, C.J., Chowdhury, U., Wu, G., and Granger,Eph kinases in platelets promotes Rap1 activation, platelet adhe-
H.J. (2003). Role of ephrin B2 in human retinal endothelial cell prolif-sion, and aggregation via effector pathways that do not require
eration and migration. Cell. Signal. 15, 1011–1017.phosphorylation of ephrinB1. Blood 103, 1348–1355.
Su, Z., Xu, P., and Ni, F. (2004). Single phosphorylation of Tyr304Roskies, A.L., and O’Leary, D.D. (1994). Control of topographic reti-
in the cytoplasmic tail of ephrin B2 confers high-affinity and bifunc-nal axon branching by inhibitory membrane-bound molecules. Sci-
tional binding to both the SH2 domain of Grb4 and the PDZ domainence 265, 799–803.
of the PDZ-RGS3 protein. Eur. J. Biochem. 271, 1725–1736.Saito, T., Masuda, N., Miyazaki, T., Kanoh, K., Suzuki, H., Shimura,
Suh, L.H., Oster, S.F., Soehrman, S.S., Grenningloh, G., and Sreta-T., Asao, T., and Kuwano, H. (2004). Expression of EphA2 and
van, D.W. (2004). L1/Laminin modulation of growth cone responseE-cadherin in colorectal cancer: correlation with cancer metastasis.
to EphB triggers growth pauses and regulates the microtubule de-Oncol. Rep. 11, 605–611.
stabilizing protein SCG10. J. Neurosci. 24, 1976–1986.Santiago, A., and Erickson, C.A. (2002). Ephrin-B ligands play a
Takasu, M.A., Dalva, M.B., Zigmond, R.E., and Greenberg, M.E.dual role in the control of neural crest cell migration. Development
(2002). Modulation of NMDA receptor-dependent calcium influx and129, 3621–3632.
gene expression through EphB receptors. Science 295, 491–495.Schmidt, A., and Hall, A. (2002). Guanine nucleotide exchange fac-
Tanaka, M., Kamo, T., Ota, S., and Sugimura, H. (2003). Associationtors for Rho GTPases: turning on the switch. Genes Dev. 16, 1587–
of Dishevelled with Eph tyrosine kinase receptor and ephrin medi-1609.
ates cell repulsion. EMBO J. 22, 847–858.Scully, A.L., McKeown, M., and Thomas, J.B. (1999). Isolation and
Tanaka, M., Ohashi, R., Nakamura, R., Shinmura, K., Kamo, T., Sakai,characterization of Dek, a Drosophila eph receptor protein tyrosine
R., and Sugimura, H. (2004). Tiam1 mediates neurite outgrowth in-kinase. Mol. Cell. Neurosci. 13, 337–347.
duced by ephrin-B1 and EphA2. EMBO J. 23, 1075–1088.Shamah, S.M., Lin, M.Z., Goldberg, J.L., Estrach, S., Sahin, M., Hu,
Tessier-Lavigne, M., and Goodman, C.S. (1996). The molecular biol-L., Bazalakova, M., Neve, R.L., Corfas, G., Debant, A., and
ogy of axon guidance. Science 274, 1123–1133.Greenberg, M.E. (2001). EphA receptors regulate growth cone dy-
namics through the novel guanine nucleotide exchange factor ephe- Thanos, C.D., Goodwill, K.E., and Bowie, J.U. (1999). Oligomeric
xin. Cell 105, 233–244. structure of the human EphB2 receptor SAM domain. Science
283, 833–836.Sharfe, N., Freywald, A., Toro, A., Dadi, H., and Roifman, C. (2002).
Ephrin stimulation modulates T cell chemotaxis. Eur. J. Immunol. Tong, J., Elowe, S., Nash, P., and Pawson, T. (2003). Manipulation
32, 3745–3755. of EphB2 regulatory motifs and SH2 binding sites switches MAPK
signaling and biological activity. J. Biol. Chem. 278, 6111–6119.Sharfe, N., Freywald, A., Toro, A., and Roifman, C.M. (2003). Ephrin-
Torres, R., Firestein, B.L., Dong, H., Staudinger, J., Olson, E.N.,A1 induces c-Cbl phosphorylation and EphA receptor down-regula-
Huganir, R.L., Bredt, D.S., Gale, N.W., and Yancopoulos, G.D. (1998).tion in T cells. J. Immunol. 170, 6024–6032.
PDZ proteins bind, cluster, and synaptically colocalize with EphSimon, D.K., and O’Leary, D.D. (1990). Limited topographic specific-
receptors and their ephrin ligands. Neuron 21, 1453–1463.ity in the targeting and branching of mammalian retinal axons. Dev.
Toth, J., Cutforth, T., Gelinas, A.D., Bethoney, K.A., Bard, J., andBiol. 137, 125–134.
Harrison, C.J. (2001). Crystal structure of an ephrin ectodomain.Smith, F.M., Vearing, C., Lackmann, M., Treutlein, H., Himanen, J.,
Dev. Cell 1, 83–92.Chen, K., Saul, A., Nikolov, D., and Boyd, A.W. (2004). Dissecting the
Trivier, E., and Ganesan, T.S. (2002). RYK, a catalytically inactiveEphA3/Ephrin-A5 interactions using a novel functional mutagenesis
receptor tyrosine kinase, associates with EphB2 and EphB3 butscreen. J. Biol. Chem. 279, 9522–9531.
does not interact with AF-6. J. Biol. Chem. 277, 23037–23043.Song, H.J., and Poo, M.M. (1999). Signal transduction underlying
Vindis, C., Cerretti, D.P., Daniel, T.O., and Huynh-Do, U. (2003).growth cone guidance by diffusible factors. Curr. Opin. Neurobiol.
EphB1 recruits c-Src and p52Shc to activate MAPK/ERK and pro-9, 355–363.
mote chemotaxis. J. Cell Biol. 162, 661–671.Song, J., Vranken, W., Xu, P., Gingras, R., Noyce, R.S., Yu, Z., Shen,
Wada, N., Tanaka, H., Ide, H., and Nohno, T. (2003). Ephrin-A2 regu-S.H., and Ni, F. (2002). Solution structure and backbone dynamics
lates position-specific cell affinity and is involved in cartilage mor-of the functional cytoplasmic subdomain of human ephrin B2, a cell-
phogenesis in the chick limb bud. Dev. Biol. 264, 550–563.surface ligand with bidirectional signaling properties. Biochemistry
41, 10942–10949. Wahl, S., Barth, H., Ciossek, T., Aktories, K., and Mueller, B.K. (2000).
Ephrin-A5 induces collapse of growth cones by activating Rho andStadler, H.S., Higgins, K.M., and Capecchi, M.R. (2001). Loss of
Rho kinase. J. Cell Biol. 149, 263–270.Eph-receptor expression correlates with loss of cell adhesion and
chondrogenic capacity in Hoxa13 mutant limbs. Development Walker-Daniels, J., Riese, D.J., 2nd, and Kinch, M.S. (2002). c-Cbl-
128, 4177–4188. dependent EphA2 protein degradation is induced by ligand binding.
Mol. Cancer Res. 1, 79–87.Stein, E., and Tessier-Lavigne, M. (2001). Hierarchical organization
of guidance receptors: silencing of netrin attraction by slit through Wang, H.U., and Anderson, D.J. (1997). Eph family transmembrane
a Robo/DCC receptor complex. Science 291, 1928–1938. ligands can mediate repulsive guidance of trunk neural crest migra-
tion and motor axon outgrowth. Neuron 18, 383–396.Stein, E., Lane, A.A., Cerretti, D.P., Schoecklmann, H.O., Schroff,
A.D., Van Etten, R.L., and Daniel, T.O. (1998). Eph receptors discrimi- Wang, H.U., Chen, Z.F., and Anderson, D.J. (1998). Molecular dis-
tinction and angiogenic interaction between embryonic arteries andnate specific ligand oligomers to determine alternative signaling
complexes, attachment, and assembly responses. Genes Dev. 12, veins revealed by ephrin-B2 and its receptor Eph-B4. Cell 93,
741–753.667–678.
Developmental Cell
480
Wang, X., Roy, P.J., Holland, S.J., Zhang, L.W., Culotti, J.G., and
Pawson, T. (1999). Multiple ephrins control cell organization in
C. elegans using kinase-dependent and -independent functions of
the VAB-1 Eph receptor. Mol. Cell 4, 903–913.
Wang, Y., Ota, S., Kataoka, H., Kanamori, M., Li, Z., Band, H., Tanaka,
M., and Sugimura, H. (2002). Negative regulation of EphA2 receptor
by Cbl. Biochem. Biophys. Res. Commun. 296, 214–220.
Weinl, C., Drescher, U., Lang, S., Bonhoeffer, F., and Loschinger,
J. (2003). On the turning of Xenopus retinal axons induced by ephrin-
A5. Development 130, 1635–1643.
Wicks, I.P., Wilkinson, D., Salvaris, E., and Boyd, A.W. (1992). Molec-
ular cloning of HEK, the gene encoding a receptor tyrosine kinase
expressed by human lymphoid tumor cell lines. Proc. Natl. Acad.
Sci. USA 89, 1611–1615.
Wilkinson, D.G. (2000). Eph receptors and ephrins: regulators of
guidance and assembly. Int. Rev. Cytol. 196, 177–244.
Wilkinson, D.G. (2001). Multiple roles of Eph receptors and ephrins
in neural development. Nat. Rev. Neurosci. 2, 155–164.
Williams, S.E., Mann, F., Erskine, L., Sakurai, T., Wei, S., Rossi, D.J.,
Gale, N.W., Holt, C.E., Mason, C.A., and Henkemeyer, M. (2003).
Ephrin-B2 and EphB1 mediate retinal axon divergence at the optic
chiasm. Neuron 39, 919–935.
Wimmer-Kleikamp, S.H., Janes, P.W., Squire, A., Bastiaens, P.I., and
Lackmann, M. (2004). Recruitment of Eph receptors into signaling
clusters does not require ephrin contact. J. Cell Biol. 164, 661–666.
Xu, Q., Alldus, G., Holder, N., and Wilkinson, D.G. (1995). Expression
of truncated Sek-1 receptor tyrosine kinase disrupts the segmental
restriction of gene expression in the Xenopus and zebrafish hind-
brain. Development 121, 4005–4016.
Xu, Q., Mellitzer, G., Robinson, V., and Wilkinson, D.G. (1999). In vivo
cell sorting in complementary segmental domains mediated by Eph
receptors and ephrins. Nature 399, 267–271.
Yin, Y., Yamashita, Y., Noda, H., Okafuji, T., Go, M.J., and Tanaka,
H. (2004). EphA receptor tyrosine kinases interact with co-expressed
ephrin-A ligands in cis. Neurosci. Res. 48, 285–296.
Yokoyama, N., Romero, M.I., Cowan, C.A., Galvan, P., Helmbacher,
F., Charnay, P., Parada, L.F., and Henkemeyer, M. (2001). Forward
signaling mediated by ephrin-B3 prevents contralateral corticospi-
nal axons from recrossing the spinal cord midline. Neuron 29, 85–97.
Yu, G., Luo, H., Wu, Y., and Wu, J. (2003a). Ephrin B2 induces T cell
costimulation. J. Immunol. 171, 106–114.
Yu, G., Luo, H., Wu, Y., and Wu, J. (2003b). Mouse ephrinB3 aug-
ments T-cell signaling and responses to T-cell receptor ligation. J.
Biol. Chem. 278, 47209–47216.
Zhang, X.Q., Takakura, N., Oike, Y., Inada, T., Gale, N.W., Yanco-
poulos, G.D., and Suda, T. (2001). Stromal cells expressing ephrin-
B2 promote the growth and sprouting of ephrin-B2() endothelial
cells. Blood 98, 1028–1037.
Zimmer, M., Palmer, A., Kohler, J., and Klein, R. (2003). EphB-
ephrinB bi-directional endocytosis terminates adhesion allowing
contact mediated repulsion. Nat. Cell Biol. 5, 869–878.
Zisch, A.H., Stallcup, W.B., Chong, L.D., Dahlin-Huppe, K., Voshol,
J., Schachner, M., and Pasquale, E.B. (1997). Tyrosine phosphoryla-
tion of L1 family adhesion molecules: implication of the Eph kinase
Cek5. J. Neurosci. Res. 47, 655–665.
Zisch, A.H., Pazzagli, C., Freeman, A.L., Schneller, M., Hadman, M.,
Smith, J.W., Ruoslahti, E., and Pasquale, E.B. (2000). Replacing
two conserved tyrosines of the EphB2 receptor with glutamic acid
prevents binding of SH2 domains without abrogating kinase activity
and biological responses. Oncogene 19, 177–187.
Zou, J.X., Wang, B., Kalo, M.S., Zisch, A.H., Pasquale, E.B., and
Ruoslahti, E. (1999). An Eph receptor regulates integrin activity
through R-Ras. Proc. Natl. Acad. Sci. USA 96, 13813–13818.
